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osiraK XVII 

THIS HALOGENS 

§ 1. The Occurrence of Fluorine 

The four elements fluorine, chlorine, bromine, and iodine together form a remarkable 
family, and they are grouj)ed under the name halogens or salt-formers- -dXs. sea- 
salt ; yfyydm, 1 produce. J. S. C. Scliweigger used this term in IHH, and it was also 
employed by J. J. Berzelius^ for the non-oxygenated negative radicles — simple or 
compound— which combine with the metals to form salts. J. J. Berzelius was 
inclined to restrict the term more ]>artieularly to the simple radicles F. Cl, Br, I, and 
the compound radicle ON. J. J. Berzelius’ term halogen has been retained for the 
four elements, and cyanogen dro})ped from the list. The binary salts— fluorides, 
chlorides, bromides, and iodides -are called halides« halide saUs, or haloid salts. 
This term was also employed by J. .J. Berzelius for the salts formed by the union 
of the metals with fluorine, chlorine, bromine, iodine, and cyanogen ; as before, 
cyatiogcn has again been drop])ed from the list. 

The first member of the family of halogens, fluorine, is the most (jhemically active 
clement known ; the chemical activity of the other members decreases with in- 
crca.sing at. wt. Fluorine can scarcely be said to occur free in nature, although 
C. A. Kenngott (185.3) and F. Wohler (1861) suggested that the violet felspar of 
Wolsendorf, and H. Becquerel and H. Moi.ssan (1890) ^ that the violet fluorspar 
from Quincie (Villefranche), probably contain free fluorine as an occluded gas. 
These varieties of fluorspar were designated hepatischer Flussspatk and Stivk- 
JlusssjMih by K. C. von Leonhard (1821) and J. F. L. Hausmann (1847).^ When 
these minerals are j)owdcred they emit a ])C(!uliar odour recalling ozone, and this has 
been attributed by various observers to the presence of various substances— c.p. hypo- 
chlorous acid (M. Schafhiiutcl), ozone (0. V. Schonbein), free fluorine, or of fluorine 
from the dissociation of an unstable fluoride or perfluoride (0. Loew).^ The 
chemical reactions of the gas, however, were found by H. Becquercl and H. Moissan 
to correspond with fluorine which must be present cither as occluded free fluorine, 
or else as an unstable perfluoride. The evidence is not decisive though the former 
is the more probable explanation of the reactions. P. Lebeau ^ obtained similar 
indications of fluorine in emeralds obtained from the vicinity of Limoges. 

Oombined fluorine is fairly widely distributed in rocks. Ac.<‘ording to 
F. W. Clarkc!,® it is about half as abundant as chlorine, since he estimates that the 
terrestrial matter in the half-mile crust -land and sea - contains 0’2 per cent, of 
chlorine, and O'l per cent, of fluorine. F. W. Clarke places fluorine the 20 th and 
chlorine the 12 th in the list of elements arranged in the order of their estimated 
abundance in the half-mile crust of the earth. Small quantities of fluorine are 
commonly present in igneous rocks. J. H. L. Vogt estimated that fluorine is the 
more abundant in the acidic rocks ; chlorine, in the basic rocks. The most charac- 
teristic minerals coiftaining fluorine &xe fluorspar, fluor, oi fluorite — calcium fluoride 
— mdcryolilz— a double fluoride of aluminium and sodium ; the less important or rarer 
fluoriferous minerals are : flueUite, AIF 3 .H 2 O ; chiolite, 5 NaF. 3 AlF 3 ; sdlaiie, MgFg ; 
O/sortj/c, (Ce, La, Di)F 3 ; pachmlUemdthomenolite,lSu¥.(S&Fo,A\¥$.lliO ; ralstoniie, 
2 NaF.MgF 2 . 6 Al(F, 0 H) 3 . 4 H 20 ; prosopUe, CaF 2 . 2 Al(F,OH) 3 . Fluorine is also con- 
tained in some phosphates — e.g. fluorapatitc, phosphorite, sombrerite, coprolites, 
VOL. II. I li 
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and staileliie ; and in some silicates — cjj. topaz, tourmaline, iierderitc, yttroccrite, 
ampliibolc, nocerine, kodolitc, meliuophane, hieratite, lepidolite, and in many 
other silicate, minerals. ^ . . . 

Several mineral waters have been reported to contain minute (piantities of 
soluble fluorides. The s[)ring at Geroz (Portugal) is one of the richest, for,* according 
to C. Lepierre,'^ it contains 0*296 to 0*310 grin, of solid matter ])er litre, and of this, 
0*022 to 0*027 gnu, is an alkali fluoride ; and of the 93 spring waters examined by 
P. Carles, 87 contained soluble fluorides. E. Parmentier has denied the existence 
of fluorine in many waters in which it is su})posed to exLst ; but according to 
A. Gautier and P. Clausmann, all mineral waters contain fluorine, and the proportion 
is greatest in waters of volcanic origin. Thermal alkali bicarbonate waters are 
particularly rich in the element, although the proportion does not appear to depend 
upon the temp. As a general rule, mineral waters of the same kind show an in- 
crease of fluorine accompanying a rise in the total salts. In the case of calcium 
sulpliate waters, whatever their origin, the amount of fluorine is about 2 ingnns. 
per litre. In 184!), G. Wilson reported on the occurrence of fluorine in the Clyde 
waters, and in the North Sea ; and generally it has been found that sea water contains 
about three milligrammes per litre; the proportion varies slightly in diflercmt 
places and at different depths. A. Gautier « found about O il mgrm. of combined 
fluorine per litre of gas collected from a fumerolc fissure in the crater of Vesuvius ; 
and 3*72 ingrms. ])er litre in tlu^ condensed water from the boric acid fumerolc of a 
spring at Larderollo (Tuscany). 

At the l)eginning of the nineteenth century L. J. Proust and M. de la Metlierie 
first noticed the presence of fluorine in bones, and tlio faet has sin<*e been confirmed 
by numerous others. A. (Jarnot found 0*20 to 0 65 per cent, of calcium fluoride in 
fresh bones, while old fossil bones contained much more 0*88 to ()*21 pi*r <*euf . This 
fact was first noticed by J. Stocklasa in 1889. Modern bones wen*, found by A. Car- 
not to contain a minimum proportion of fluorine ; tertiary bones contained more ; 
mesozoic bones still more ; and in siluriun and devonian bones, the ])roportion 
of fluorine was nearly the same as in apatite. A. (-arnot attributes the progressive 
enriehment of bones to the aiition of ])ercolating waters (Containing a sjnall proportion 
of fluorides in soln, — ejf, the waters of the Atlantic contain 0*822 gnu. jier (*ubic metre. 
According to V. IIo])pe, the enamel of the teeth (a>nt{iins up to 2 per cent, of calcium 
fluoride ; and according to W. llempel and W. HcliefUer, tlu^ teeth of horses contain 
0*20 to 0*39 per cent, of fluorine, and the teeth of man, 0*33 to 0*5!) per cent.^^ — 
unsound teeth had but 0*19 j)er cent, of fluorine. P. Carles found 0*012 ])er cent, 
of fluorine in the shells of oysters and mussels living in sea water, while fossil ovtster 
shells contained 0*015 ]»er cent. He also n^ported about one-fourth as much 
fluorin(3 in frosh-waicr mussel shells as i.s ])ri‘sent in the shells of sea-water mussels. 
The brain (E. N. ilorsford),^- blood (G. Wilson, and G. 0. Rees), and the milk 
of animals (K. S. .Ilorstmar) have some fluorine. The brain of man contains about 
3 mgrms. of fluorine, and although the rd/c of fluorine in tlu^ animal and vc’ge.lable 
organism has not been clearly defined, some physiologivsts believ(‘. that the prosen(‘e 
of fluorine is necessary, in some subtle way, to enal)le the animal organism to 
assimilate ])hosphorus. G. Tainmaiin found that least fluorine was coiitained 
in the shells of eggs, and most in the yolks. About t)*l per cent, of fluorine occurs in 
the ash of vegetable matter — particularly the grassews.*-^ A. G. Woodman and 
H, P. Talbot reported that fluorine is (*ommon in malt lupiors ; most jiialf.ed beers 
contain not less than 0*2 mgrm. ])er litre. T. L. Phipson has reported 3*9 i)er cent, 
of fluorine, and 32*45 of phosphoric acid in fossil wood from the Isle of Wight, 
thus showing that the wood had been “ fossilized by phosphate of lime and 
fluorspar.” 


Kjeicejmcncks. 
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§ The History of Fluorine 

Tlie iniTioral now known us fluorspar or fluorite was niontiuncxl in 15111) by 
(I. Agricola, in his Bentuinnm, sive de re metallica dialoj/us (Basiluo, 1520), and 
d(*nsigiiatcd Jluorcs, which, in a later work ^ by the same writer, was traiLslated into 
Fliifise. A. J. Oronstedt,-^ in 1758, used the terms Finns, Flus.sput, and Glasspat, 
synnnymoiisly. C. A. Napione (1707) calletl the mineral /aon/c ; F. B. Heudant 
Jiuorine ; and M. »Sage (1777), spulh fusible. These terms are derived froin 
the Latin fluo, 1 iiuw, in refcreiiec to the fluxing action and the .ready fusibility of 
the mineral ; consequently, Jlnor lapis, spalnta vitreum, and (Uasspatk meaji the 
fluxing stone. J. (I. Wallerius** refers to the luminescence of the juineral when 
warmed, and this phenomenon led to its being called lit ho phosphorus and phosphoric 
spntr. I'he variety which gives a greenish phosphorescence is called chlorophane — 
gre.eu ; I appear and also pyro-emerald. 

11. Kopp reports '* that Jl. Schwanhardt in 1070 etched glass by the action of 
fluorspar and sulphuric acid, and that in 1725, M. Pauli made a li({uid for etching 
glass by mixing nitric, acid and powdered fluorspar. In 1704, A. H. Marggrall ^ 
distilled the mixture of sulphuric a(jid and fluorspar in a glass retort, and found a 
white powder to be suspended in the water of the receiver. He therefore concluded 
that the sulphuric acid separates a volatile earth from the fluorspar. C. VV. Sclieele ^ 
repeated A. S. Marggraff’s experiment, and, in his Examen ehemicurn JIuoris miueralis 
ejustjue acidi (1771), concluded that the sulphuric acid liberates a 2 )cculiar acid 
wliich in united with lime in fluorspar. The acid was called Flusssaure — fluor 
acid — and fluorspar was designated Jlus.ssdurer Kalk. After the expulsion of the 
fluor ac id from the lime by sulphuric acid, selenite - calcium suljdiatc —remained in 
the retort. He found that hydrochloric, nitric, or phosphoric ucad could also be 
used in place of sulphuric acid with analogous results. M. Boullauger 7 took the 
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view that Scheclc H fluor acid was liothiiij^ but muriatic acid coml)ined with sotne 
earthv substance, and A. G. Monnot that it was a volatile compound of sulphuric acid 
and illuor. C. W. Scheele ,» however, refuted both hypotheses in 1780 ; and 
concluded : 

I hope lhat I have now demoustratod that tho acid of Huor is and remains entirely a 
mineral acid si4i gcncrift. 

C\ W. Schcolc gei\crally uHcd jjjlasa retorts for tlic i)rci)aration of the acid, and he 
was much perplexed by tho deposit of silica obtained in the receiver. C. W , bcheele 
thought that the new acid had the jiroporty of forming silica when in contact with 
water, and it was therefore regarded as containing combined silica. The source of 
the silica was subsequently traced by J. 0. V, Meyer and J. C. Wiegleb ® to the glass 
of the retorts, and was not formed when the distillation was eifc(‘ted in metal vessels, 
and the acid va])oius dissolved in water contained in leaden vessels. The gas 
obtained when the fluorspar is treated with sulphuric acid in metal vessels is hydro- 
fluoric acid, and if in glass vessels, some liydrofluosilicic acid is mixed with the 
hydrofluoric acid. 

In Lavoisier's system, Hcheel<‘/s acid of floor became Vacidc Jluoriquc — a com- 
Innation of oxygen with an unknown radicle, ; and in 1789, A. L. Lavoisier 
wrote : 

It rornainM to-<lay U) dftomiine tho nature of tho fluoric ra(liclf\ but since the acid lias 
not yet been fleconiposod, we cannot form any conception of the radicle. 

In 1809, J. L. Gay Lussac and ]j. J. Thcjuird attemjitcd to prejiarc pure hydro- 
fluoric acid, and although tlicy did not succeed in making tlie anhydrous acid, they 
did elucidate the relation of silica and the silicates to this acid. Jl. Davy's work on 
the elementary nature of chlorine was ]mblished about tliis time ; and he received 
two lottcrs—'dated Nov. 1st, 1810, and Aug. 25th, 1812 from A. Ampere suggest- 
ing ‘‘ many ingenious and original arguments ” in favour of the analogy between 
hydrochloric and hydrofluoric acids. In the first letter, A. Ampere said : 


It rtHiiain.s to bo seen wdiothor olectririty wouhi not d»M*oioposo li<iind hydrolhioric m*id 
if water were roinovcd as far as possible, hydrogen going to one side and oxylluorie acid to 
tlm other, just as wlu*n water and liyilromuriatje arid are decomposed by tluj saincr agent. 
'Fhe only diUieultv to be feared is the eoinbination of the oxytiiiorie acid set free with the 
conductor with whii^h it would be brought into <’ontaet in tho nascent state. Terhaps 
tiiero in no metal with which it would not combine, but supposing that oxylluorie acid 
should, like tixyniuriulic acid, bo incapable of coinbining with carbon, this latter >)ody 
might bo a sufficiently good conductor for it to bo used with success as such in this experi- 
ment. 

In the second letter, A. Ampere suggested that the sujipoaed element be called 
le Jluor -Jluorhtc — in agreement with the thim recently ado])ted name Morine-- 
French, chlore. A. Ampere's suggestion has been adopted tiniversally. No one 
doubted the existence of the unknown element fluorine although it successfully 
resisted every attempt to bring it into the world of known facts. Belief in its 
existence rested on the many analogies of its compounds with the other three 
mciiibcrs of the halogen family. For over seventy years it was neitJier seen nor 
handled. During this time, many unsuccessful experiments were made to isolate 
the element. H. Davy thus describes his attempts : 

I undertook tho experiment of electrizing pure iifjuid fluoric acid with considoiablo 
iniorost, as it seemed to offer tho most probable method of ascertaining its real nature, hut 
considerable difficulties occurred in executing the process. The liquid fluoric acid im- 
mediately destroys glass and all animal and vegetable s\ibstances, it acts on all bodies 
containing metallic oxides, and 1 know of no substances which are not mpidJy dissolved or 
dccompOHod by it, except metals, charcoal, ]iho8phorus, sulphur, and certain com>>i nations 
of chlorine, I attempted to make tubes of sulphur, of muriates of lead, and of copper 
containing metallic wires, by which it might bo oloetrizod, but without success. I succeeded, 
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howevor, in boring a pioco of horn fiilvor in snoh a manner that T was able to roment a platina 
wire into it, by means of a spirit lamp, and by inverting this in a tray of platina lUli*<l with 
liquid fluoric acid 1 contriv€i(I to submit the fluid to the agency of electricity in such a manner 
that in successive 'experiments it was possible to collect any elastic fluid that might be 
produced. 

Having failed to isolate the element by the electrolystiH of hydrofliiorie acid and 
the fluorides, H. Davy tried if the clement could be driven from its combination by 
double decomposition. He attempted to drive the ‘‘ fluoric principle ” from the dry 
fluates of mercury, silver, potassiam, and sodium by means of chlorine. He said : 

The dry salts wore introduced in small quantities into gloss rot orts, which were exhausted 
and them filled with pure chlorine ; the part of the retort in contact with t he salt was hi^atod 
gradually till it hocanK^ rod. Therd w^as soon a strong iMUion, the fluato of incrcMiiy was 
ra})idly converted into corrosive sublimate, and the fluate of silver more slowly bei^amo horn 
silver. In both experimonts there ^as a violent aedion upon the whole of the interior of 
the redort. On examining the results, it Avas found that in both instances there had lioon 
a considerable absorption of chlorine, and a production of silieated fluoric acid gas and 
oxygen gas, I tried similar expedmeiits w'ith similar results upon dry fluate of potassa 
and soda, lly the action of a red-heat they were slowly converted into muriates with the 
absorption of chlorine, an<l the production of oxygen, and silieated fiiioric aeitl gas* the 
retort being corroded even to its neck. 

H. Davy assumed that his failure to obtain the unknown element was due to the 
potency of its reactions. H. Davy tried vessels of sulphur, carbon, gold, horn silver, 
and ])latirium, but none appeared to be capable of resisting its action, and “ its 
strong aflinities and higli decomposing agencies ” led to its beiiig regarded as a kind 
of aloahest or universal solvent. (}. Aime (1833) enqiloyed a vessel of caoutchouc, 
with no better result. The brothers 0. J. and T. Knox (183()) sagaciously tried to 
elude this difficulty by treating silver or mercury fluoride with chlorine in an appa- 
ratus made of fluorspar itself. E. Freiuy believed that the failure in this as well as 
in P. jjouyet’s analogous aitemift with fluorspar or cryolite vessels, in 184C, was 
due to the fact that the two fluorides do not decompose when moisture is rigorously 
excluded ; and, if moisture be present, they form hydrofluoric acid. E. Fremy 
al?fo did not suc(;eed in decomposing calcium fluoride by means of oxygen, when 
heated to a high temp, in a platinum tube. E. Fremy electrolyzed fused fluorides 
c'alcium, potassium, and other metal fluorides — in a platinum crucible with a 
])latinum rod as anode. The platinum wire electrode was much corroded, and a 
gas was evolved which E. Fremy believed to be fluorine because it decom 2 )oscd 
water forming hydrofluoric acid, and displaced iodine from iodides. He was able 
to decompose calcium fluoride at a high temp, by means of chlorine, and jiarticularly 
when the fluoride is mixed with carbon. E. Fremy, however, made no further 
progress in isolating the elusive element, although lie did sliow how anliydrous 
hydrofluoric acid could be prepared. 

(I. (lore made somi^ exjjnriinonhs on tho clorirolyRis of silver flnoritlo and on iho action 
of chlorine or bromine on silver fluoride at l»')*ri'’ for 38 days, and at HO'" for i) days, in 
vijssols of various kinds- with vessels of carbon, a volatile carbon iluoritle wan formed. 
Jl. Kammerer failed to prepare the gas by the iMdion of iodine on silver fluoride in st^aled 
glass tubes ; according to L. ITaundlcsr, the product of thi^ nci ion is a mixture of silicon 
Uuoridc and oxygon. <). Loow heated cerium tetraflnoritle, CeF 4 .HaO, or the double salt, 
3KF. 200^4. 211.^0, and obtained a gas, which he considorcnl to be fluorine, when the tefra- 
fiuoride docoml^osod forming the trifluoride, CoF^. H. Ilrauner also obtained a gas resem- 
bling chlorine by heating load tetrafluorido, or double ammonium Ic^ad totrafluorido, or 
potassium hydrogen load fluoride, K 8 HPbF 4 . In the latter cose a mixture of potassium 
fluoritlo, KF, and lead difluoride, PbFj, remained. O. Ruff claims to hav<^ made a liftlo 
fluorine by heating tins compound HKPbF,. As H. Moissan has said, it is possible that 
fluorine might be obtained by a chemical process in which a higher fluoride deeomjiosos 
into a lower fluoride with the liberation of fluorine—say, 2 (^eF 4 “ 2(%^Fj|4 Fa- O. Hull has 
failed to confirm B. Brauner’s observations with the fluorides in rpiostion. With k^ad 
tetrafluorido in a ]>latjmim vessel, lead difluoride and platinum tetrafluorido are formed ; 
liquid or gaseous silicon tetrafluoridi^ is proctienlly without- ivtion on tlie salt although a 
small quantify of a gas which acts on potassiuTii iodide is formed without altering the 
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oompoHition of tho gas. Antimony pcntafliiorido aots .similarly. With .sulphur and iodino 
the cor res ponding hi^hor lliioridf'H firo formod. Dthor sujugostions liavn also boon rnado 
to proparo rtuorino by chomioal prorossi's — (). T, (^hristensou proj^osed heating tho higher 
double fluorides of manganese ; A. Oudoinans, potassium fluochroinate ; and II. Moissari, 
platinum tluophosphatos. About J883, H. B. J)i\on and H. .B. Baker made an attempt 
to dis]jloee fluorine by oxygen from ijrauiuin jK’iitafluoridis A, Baudrimont tried the 

action of boron trifluonile on k^ad oxiflo without siie.eess. Abortive at tern pks have been 
made by L. Varenne, J, i*. Prat, Cillis, and T. L. JMiipson *** to ])reparo the gas by wet 
]>roeeHses analogous to those employed for chlorinc^ by the oxidation of soln. containing 
hydrofluoric ai'id. We now know that this is altogether a wrong lino of attack. Some of 
the diy ])roeessos indicated above may have furnisKed some fluorine; for example, in 
If. B. Dixon and .FT, Ih Bak<M*'s experiment, silver foil in the vicinity of th(’ uranium fluoride 
was spotted with wliito silver fluoride; gold foil, with yelU»w auric fluoride; and ])latiniim 
foil, with (‘hocolate plaiiiiic fluoride. 


In 1831*, M. Faraday thought that he had obtained fluorine “in a separate 
state ” electrolyzing fused fltioridcs, but later, he added : 

I have not obiuiiied fluorine ; my oxpcclntions, amounting to ciinvicl ion, })ass(Hl away 
one by one when subject l-o rigorous examination. 

This was virtually the yiosition of the fluorine question about 1 883, when II. Moissaii,^^ 
a pupil of K. Fremy, commenced systefuatie work on the subject, and the re])orts of 
the various stages of his work have l)eeu colliKdiMl in his important- monogra])h 
fjp Jiuor Pt sps cohipospR (Baris, 19(K)). Jle first tried (I) Tlu^ deeonqiosition of 
gaseous fluoride.s by sparking - c.//. the fluorides of silicon, SiFj : pliosphurns, ; 
boron, BF^ ; and arsenic. AsFjj. 3'he silicon and boron fluorides are stable.. Bhos- 
phorus trifluoride forms the pent.afluoride. The fluorine derived from ])hosphonis 
pentafluoride reacts with the material of whic h the vessel is jnade ; similarly with 
arsenic fluoride. (2) The action of })latinum at a red lu^at on the fluorides of 
phos])horus and silicon. Bhosphonis pimtatluoride furnislies some tbiorine which 
unites with the platinum of the apparatus used ; phosphorus irifluoride formed tlie 
])ontafluoride and fluo-])hosphidos of ])latinum ; silicon tetrafiuorido gave no signs 
of free fluorine ; il. Moissafi came to the conclusion that no reaction carried out at 
a high tern]), was likely to be fiuitful. (3) The elei l rolysis of arsenic trifluoride to 
which some ])otassium hydrogen fluoride was added to make the liipiid co?)du(‘ti?»g ; 
any fluoride given olT at tlie anode was absorbed by the (doctrolyie forming arsenic 
pentafluoride. 

TI, Moissanthen tried the electrolysis of highly ])urified anliydrous hydrofluoric 
acid, but he found, consonant with (b (lore’s and .M. Faraday’s observations,-^ that 
anhydrous hydrofluoric acid is a non-conductor of electricity. If a small quantity 
of water be ])resent, this alone is decomposed, and a large cpiantity of ozone is 
formed. As the water is liroken iiyj, the acid becomes loss and less conducting, and, 
when the* whole has disa]q)oarcd, tlie anhydrous acid no longer allows a (‘urremt- to 
])ass. .He obtained an acid so free from water that “ a current of 35 anq)er<\s 
furnished by fifty Bunsen cells was totally sto})pod.” The current ])asse<l riindily 
when fragments of dry potassium hydrogen fluoride KF.IIF, were dissolved in the 
acid, and a gaseous product was liberated at each electrode, Success ! The 
element fluorine was isolated by Henri Moissan on June 2()ih, 1880, during tlie 
electrolysis of a soln. of yiotassium fluoride in anhydrous liydrofluorie acid, in an 
apparatus made wholly of yilatinum. In this way, H. Moissan solved what 
H. R. Roscoe called one of the most difficult j^roblems in modern chemistry. 

While the new element yiosscssed special y^rojierties which gave it an individuality 
of its own, and a few surprises occurred during the study of some of its combinations ; 
yet the harmonious analogy between the members of the halogen family - fluorine, 
chlorine, bromine, and iodine — was fully vindicated. With fluorine in the world 
of reality, chemists were unanimous in placing the newly discovered clement at the 
head of the halogen family, and in that very position winch had been so long assigned 
to it by presentiment or faith. 
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§ 3. The Preparation ol Fluorine 

Whon an electric eurroni is ]mssed through a cone. aq. soln. of hydrogen chloride, 
chlorine is liberated at the anode, .and hjdrogen at the cathode. When aq. hydro- 
fluoric acid is treated in tlie same way,' water alone is decomposed, for oxygen is 
liberated at the anode, and hydrogen at the eatliode. The anhydrous acid does 
not conduct oloctricity, and it cannot therefore be electrolyzed. H. Moissaii 
found that if ]>otassium tluorided)e dissolved in the liquid hydrogen fluoride, the 
soln. readily coiiducts electricity, and when electrolyzed, hydrogen is evolved at 
the eatliode, and fluorine at the .anode. In tlic first ajiproximation, it is supposed 
tliat the primary products of the electrolysis are potassium at the anode, fluorine 
at the eatliode : 2KHF2--2HP‘l 2K fFo. The potassium reacts with the hydroj^ui 
fluoride reforming fluoride and liberating liydrogcn : 2K4 2Hh --2Kh -bH 2 , 

The reaction is probably more conqilex tli.an this, and the platinum of the electrodes 
plays a jiart in tlic secondary reactions. Possibly the fluorine first forms platinuni 
fluoride, PtF.^, whicdi prodm’cs a double compound with the jiotassiuni fluoride. 
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This compound is considered to bo the electrolyte which on decomposition forms 
the two gaBes and a double potassium ]>latiniini fluoride which us deposite.d as a 
black mud. This hypothesis has been devised to explain why the initial stage of 
'the electrolysis is irregular and jerky, aiid only after the lapse of an when the 
[^ubstanccs in soln. are in sufficient quantities to make the passage of the current 
regular, is the evolution of fluorine regular. 0. Kuflf ^ has shown that ammonium 
fluoride can be used in place of the potassium salt. 

H. Moissan first oonductod ilic electrolysis in a U-tiibo made from an alloy of platinum 
and iridium which is less attacked by fluorine than ])latimirn alone. Later experiments 



Fig. 1 . — Tube for the Electro- 
lysis of Hydrofluoric Acid. 



Fi(U 2. — ^Moissan’s Procass for Fluorine, 


showed that a tube of copjier could bo employed. The eop]>er is attacked by the liuorine, 
forrnin^ij a surface crust of coppi'r fluoride which protects the tube from furl.ber action. 
Electrodes of platinum iridium alloy wtM*e usetl at first, but later electrodes of pure platinum 
were used, even though they were ratht^r more attacked than the alloy with 10 per cent, of 
iridium. 'fJie electrodes were club-shaped at one end so that they need not renewed so 
often. The positive electrode was often completely corroded during an experiment, but 

the U-tube scarcely suffered at all. A copper tube is 
illustrated in Pig. 1. The open ends of the tube are 
chised with fluorspar slop])erR ground to tit the tubes 
and bored w'ith holes wfii(‘h gri}> the ohM^trodcs, The 
joints are made air-tight with lead washem and 
shellae. The U-tube, thiring the eh‘ctrolysis, is 
surrounde<l with a glass eylindt^r, h, into which 
lieplid nu'lhyl chloride is passcnl from a steel cylinder 
via the tube Pig. 2. JJquid methyl chloricle boils 
at 2*V\ and it escapes through an exit tube. The 
fluorine is passed through a spiral platinum tube alsq 
ploccul in a bath of evaporat ing liquid methyl chloride, 
(\ 'rhis ciM>Is the spiral tube <lown to about - 50", 
and condenses any gaseous hydrogen fluoride, which 
miglit escape with the fluorine from the U-tube. The 
electrolysis was irarried f.)ut at a low temp, in order to 
pri'vent tile gaseous product Ixsing dil. with the va^iour 
of hydrogen fluoriiie, and also to diminish the destruc- 
tive action of the fluorine on the apparatus. In his 
later work, >f. JMoissan cooled the U-tube used for 
the electrolysis by using a bath of acetone with solid 
carbon dioxiile in suspension. This cooled the appara- 
Fio. 3. — Fluorine by th<5 Electrolysis tits down to about —80®. The temp, of the electrolysis 
of Fused Alkali f lydrolluoride. vessel should not bo so low that the potassium hydrogen 

fluoride crystallizes out. Henets O. Huff and P. 
Ipsen ^ preferred to cool the ek^etrolysis vessel with a freezing mixture of calcium chloride, 
and eondensixl tlie hydrogen fluoride vapours ip a copper condcaiser C\ Pig. 2, cooled with 
liipiid air. The fluorine which leaves the condenser travels through two small platinum 
tubes, JJ and containing lumps of sodium fluoride, which remove the least traces of 
hydrogen fluoride by forming NaP.HF. A glass cylinder is placed outside each of the 
two <;ylind('rs containing methyl chloride. The outer cylinders contain a few lumps of 
calcium chloride, so as to dry the air in the vicinity of the cold jacket, and provent the 





A^ibescos woo! 
,t“ irhsuktCfon 


AsoesCos 

pdper 

^CermtfW 







THE HALOGENS 


9 


deposition of frost on the cylinders. With a current from 26 to 28 Bunsen cells in series, 
and an apparatus containing from 90 to 100 grrns. of anhydrous hydrofluoric acid containing 
in soln. 20 to 25 grins, of potassium hydrogen fluoride, H. Moissau obtained between two 
and throe litres of fluorine £)er hour. 

C. Poulenc and M. Meslans^ have devised a copper a])paratus for. the preparation of 
fluorine on a large scale ; and likewise a portable laboratory apparatus, also of copper. 
They substitute a perforated copper diaphragm in place of the U-tube for keeping 
the two electrode products separate. The platinum anode is hollow, and is cooled 
internally. G, Gallo did not get good results with this apparatus. W. L. Argo and 
co-workers prejiared fluorine by the electrolysis of molten potassium hydiofluoride 
in an electrically heated cop})er vessel which served as cathode, the anode being 
made of gra])hite, A copper diaphragm with slots was used as illustrated in Fig. 3. 
The bubbles of hydrogen evolved during the electrolysis were dellccted from the 
interior of the diaphragm by means of a false bottom. The graphite anode was 
connected with a copper terminal and insulated by a ])acking of ])owdered fluor8])ar 
— current, 10 amps., 15 volts ; temp., 240° 250" ; efficiency, 70 per cent. These* 
co-workers also rec,oinmend sodium hfdrofluoride because it is non-deliquescent ; 
decomposes below the fusion temp. ; contains more available fluorine for a given 
weight ; and is less expensive. 
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§ 4. The Properties of Fluorine 

4 

Is fluorine an element ? Since fluorine had never been previously isolated, it 
remained for H. Moissan to prove that the gas he found to be liberated at the 
positive pole is really fluorine. Many of its ])hysical and chemical ])roperties, as 
will be shown later, agree with those suggesti^d by tlic analogy of the fluorides with 
the chlorides, bromide, and iodides. It was found imj)ossiblc to account for its 
properties by assuming it to be some other gas mixed with nitric acid, chlorine, or 
ozone ; or that it is a hydrogen fluoride richer in fluorine tJian the normal hydrogen 
fluoride. 

To show the absence of hydrogen, Tl. Moissan allowed tlio gas to pass directly from the 
positive pole through a tube containing red-hot iron ; any hydrogen so formed was collected 
in an atrn. of carbon dioxide. The latter was removed by absorption in ])otassium hydroxi<lc. 
In several oxpfuirncntH a small bubble of gas was obtaint'd which was air, not liydrogen. 
The incrf»a8e in weight of the tulK' eontaining Urn iron coiTC'spondod exm-dly with tlife fluorine 
eq. of the hyflrogen collc<;ttM| at< the negative pole. The vaj^ours of hy»lrogen lluoriile were 
retained by a tube filled with <lry potassium fluoride. For exam})k' : In one* (experiment a 
platinum tube containing iron increostul in weight 9*138 grm. while 80 0 1 e.e. of hydrogcui 
were collected at the negative electrode. This repn^sents 0*00712 grm. of hydrogen, and 
0*00712 X 19 -0*134 grm. of fluorine. This number is virtually tlie same as the weight of 
fluorine actually weightMl. 

Fluorine at ordinary temp, is a greenish-yellow gas when viewed in layers a 
metre thick ; the colour is paler and more yellow than that of chlorine. The liquid 
gas is canary-yellow ; the solid is pale yellow or white. Moissan’s gas has an in- 
tensely irritating smell said to recall the odour of liyjjochlorous acid or of nitrogen 
peroxide. Even a small trace of gas in the atm. acts quickly on the eyes and the 
mucous membranes ; and, in contact with the skin, it causes severe burns, and 
rapidly destroys the tissues. If but a slight amount is jirosent, its smell is not 
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unpleasant. The relative density ^ of the gas (air unity) fletermined by H. Moissan 
in 1889, by means of a platinum flask, was 1*20 ; that calculated for a diatomic gas 
of at. wt. 19*5 is 1314, and B. Brauner attributed the difference to the presence of 
some atomic fluorine. H. Moissan's later results (1904) rendered B. Brauner’s 
hypothesis unnecessary since a density of r3l was obtained. The gas einj)loyed 
previously is su])posed to have been (contaminated with a little hydrogen fluoride. 
Most of the physical properties of fluorine at a low tem]>, have been did^ermined by 
H* Moissan himself and in conjunction with J. Dewar.- The sp. gr. of liquid fluorine 
is 1‘14 at — -2C)()®, and 1*108 at its b.p. —187''. The sp. vol. of the liquid is 0*9025 ; 
and the mol. vol. 34*30. The capillary constant of the liquid is about one-sixtli of 
that of liquid oxygen, and sevemtenihs of that of water. The coefficient of ex* 
pansion of tlu‘ gas is0*()(X)304. The volume of tlie liquid changes one*fourtcenth 
in cooling from — 187‘^ to ~ 210''. Whem the gas is cooled by rapidly boiling lictuid 
air, it condenses to a clear yellow licpiid which has the boiling point * -187"' at 7(50 mm. 
press. ; and the liejuid forms a pale ye.llow solid when cooled by lupiid hydrogen. 
The solid lias the melting point -233"'. The solid loses its yellow tint and becomes 
white when cooled down to "252 '. Chlorine, bromine, sulphur, etc., likewise lose 
their colour at low tenq). 

J. II. (fladston('/s 1 estiniate for tlie atomic refraction of fluorine for the /I-line 
is 0*53; for the vf~linoO*()3 ; and for the //-line 0*35 with the /x-formula, and 0*92 and 
0*84 resfiectively with the /x--formnla. E. warts estimat(Ml ()94 If a. 1'015 //, and 
0*963 Hy with tlie /i---formula for fluorine in sat. organic, (‘ompounds ; and for 
unsaturated conqiounds with the cthyhMu* linkage, //a. 0*588 ; />, 0'()G5 ; Ily, 0*(>38. 
The atomic dispersion is 0*022 with sat. and 0*05 with the unsaiiiratcd com]}Ounds. 
J. JI. (irladstone also made several (\stjmates of the index of refra('tion of fluorine, 
and his 1870 estimate gave 1*1 ((thlorim* 9 9) ; in 1885 Ik* ]>lucod it at 1*6 ; and in 
1891, he considered it to be “ (‘xtiemely small, in fact, I<‘hs t han Tin* difliculty 

is duo to the fact that when tlie magnitude of a small constant is estimated by 
subtraction from two large numln^rs the probability of (‘rror is large. A direct 
determination by C, (hitlibertson and K. B. U. Bridenux gave for the index Of 
refraction (d fluorine for sodium light, /x-- 1 •0001 95, winch makes the rofractivity 
XlO® to bo 1!)5. Tho emission spectrum of fluoriuo Ims bot’ti invostiffatod by 
11. Moissan and fj-. Ralot.^’ The last nainod, in ]87'i. (•oiii])arod tho spootra of silicon 
chloride and Unoride, and inferred that five linos in the spoctruni of silicon lliumdo, 
must be attributed to tho tluoriiie. JI. Moi.ssan’s moasuromouts, in inoasurod 
la linos in tho. rod part of the a]) 0 otrum. Tho linos of wavo-lonf'th <)77, (ilO-r), (>34, 
and 023 are strong ; tho lines 714, 704, 091. O.S7’r). 087) 7). 083-7) are faijit ; and 749. 
740, and 734 are very faint. Liquid Huoriuo lias no absorption s])Ootruui when’ in 
layor.s 1 cm. thick. 

According to P, Pascal,*' fluorine is diamaguotio ; tho specific magnetic suscepti- 
bility is —3*447X10 ; and the atomic su.sce]>til)ilitv eiilmilaied from the additive 

Jjiw of mixtures f(3r organic compounds is - 63x10 K Tonic fluorine is univalent 
and negative. The decomposition volt^e re<|uir(*d to sef)arate this (*l(mH*nt from 
its compounds is 1*75 volts. ^ TJio ionics velocit}' {tnins])ort number) ® of fluorine 
ions at 18^' is 46*6, and 52*5 at 25"^' with a teinj). cotdf. of 0*0238. 

Fluorine possesses s])ecial characters wliicli pla(‘.e it at the head of the halogen 
family. It forms certain combinations and enters into some rt'oetions in a way 
which would not be expeett^d if tfie properties of the element were predicted solely 
by analogy with the other members of the halogen family. From this jioint of 
view, said H. Moissan, Vetude. des coniyosen Jluorea reserve encore hien des surprises. 
Fluorine is the most chemically active element known. It combines additively 
with most of the elements, and it usually behaves like a univalent element although 
it is very prone to form double or complex comjxuinds in which it probably exerts a 
higher valency. It also a(‘ts as an oxidizing agent. In th<^ (dectrolysis of fnanganese 
and chromium salts a higlier yield of chromic acid or manganic acid is obtained in 
the presence of liydrofluoric acid than in the ]»re,senco of snlplmric acid.^ Fluorine 
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unites explosively with hydrogen in the dark with the production of a flame with a 
red border, and H. Moissan showed this by inverting a jar of hydrogen over the 
fluorine delivery tube of his apj)aratus. The product of the action is hydrogen 
fluoride which ra])idl}' attacks the glass vessel when moisture is present, but not if 
the two gases are dry. Eliiorine retains its great avidity for hydrogen even at 
temp, as low as —252*5'' when the fluorine is solid, and the hydrogen is liquid. 
H. Moissan and J. Dewar broke a tube of solid fluorine in liquid hydrogen. A 
violent explosion occurred which shattered to powder the glass apparatus in which 
the ex[)erinient was performed. It is rather unusual for the chemical activity of 
an element to persist at such a low temp. The affinity of fluorine for hydrogen is 
so great that it vigorously attacks organic substances, jjarticularly those rich in 
hydrogen. The reaction is usually accomjjanied by the evolution of heat and light, 
and the total destrucXion of the com])ound. 'Fhe products of the reaction are 
hydrogen fluoride, carbon, and ( arbon fluorides. The avidity of fluorine for hydrogen 
persists at very low temp., for turpentine and anthracene may explode in contact 
with fluorine at ‘2I(V\ Even water is vigorously attacked by fluorine. If a small 
(juantity of water is introduced into a tube containing fluorine, it is decom])Osed, 
forming hydrogen fluoride and ozone ; the latter im])art8 an indigo>bluo tinge to the 
gases in tlie jar. By measuring the volume of oxygen liberated w*hen fluorine 
reacts with water, and measuring the exact quantity of hydrofluoric aedd formed, 
H. Moissan showe<l that equal volumes of hydrogen and fluorine form hydrogen 
fluoride. If the reaction l)etwceii fluorine and water be symbolized, H 0 O 4 -E 2 
--2HF )-<), it follows that for every volume of liydrogen collected at the negative 
pole, half a voliinu^ of oxygen should be ol^tainod. In one experiment H. Moissan 
collected 26*10 c.c. of oxygen, 52*80 c.c. of hydrogen. • Tu another experiment he 
obtained 6*4 c.c. of oxygen per 12*5 c.c. of hydrogen and eq. of 21*0 c.c. of hydrogen 
fluoride. Liquid (luorine (loes not react with water. At —200^^’, liquid fluorine 
can be volatilized from the surface of ice without reaction. 

Neither oxygen nor ozone appears to react with fluorine, and no oxygen compound 
of fluorine has yet been prepared. According to H. Moissan, an unstable inter- 
mediate compound of ozone, and fluorine is possibly formed when water acts on 
fluorine to form ozoruzed oxygen because the ozone smell does not appear until 
some time after the fluorine has heen ])assed into the water. 0. Ruff and J. Zedner 
have tried the elTect of heating oxygon and fluorine in the electric arc, but obtained 
no signs of the formation of a compound of fluorine with oxygen or ozone, for when 
the gaseous j)roduct is ])assed over calcium chloride (which fixes the fluorine) a 
mixture is obtained quite free from fluorine,, (i. Gallo obtained signs of a very 
unstable com])ound of ozone and fluorine wliich is exjdosive at —23*". Liquid 
oxygtm dissolves fluorine, and if the temp, rises grad\ially, the first fraction which 
volatilizes is almost ])ure oxygen ; the la,st fraction contains most of the fluorine. 
If li<piid air, which has stood by itself for some time, be treated with fluorine, a 
]>recipitate is formed which is very liable to ex])lodc. H. Moissan thinks it is 
probably jtuorine hydrate,^- 

Solid sulphur, selenium, and tellurium inflame in fluorine gas at ordinary temp. ; 
sulpluir burns to the hexafluoride, SEg. The reactivity of Rul])hiir or selenium 
with fluorine persists at - -187*", but tellurium is without action at this temp. 
Hydrogen sulphide and sulphur dioxide also l)urn in the gas- the former produces 
hydrogen fluoride and sul])hur fluoride. Each bubble of sul])hur dioxide led; into 
a jar of fluorine ]>roduces an explosion and thionyl fluoride, SOF 2 , is formed ; but 
if the fluorine be led into the sulphur dioxide, there is no action until the sulphur 
dioxide has reached a certain partial pressure when all explodes. If the fluorine 
be led into an atm. of sulphur dioxide at the temp, of the reaction, sulphuryl fluoride, 
formed quietly without violence. Sulphuric acid is scarcely affected by 

fluorine. 

Fluorine docs not unite with chlorine at ordinary temp. O. Ruff and J. Zedner 
also obtained no result by hoatii»g fluorine and chlorine at the temp, of the electric 
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arc. Liquid chlorine diftRolves fluorine, but the dissolved gas escapes as the chlorine 
freezes. It is inferred tliat the gases do not react fit the low temp. — 80 when fluorine 
is dissolved in liquid chlorine because (i) the gases evolved when the soln. is fraction- 
ally distilled showed no signs of an abrupt change in composition between 97*32 
per cent, of fluorine at the beginning and 0*03 per cent, at the end of the oj)eration ; 
(ii) on cooling a soln. of fluorine in liquid chlorine, there is a tumultuous evolution 
of gas when the mixture freezes- — the solid is chlorine, the gas fluorine. Bromino 
unites with fluorine at ordinary temp, with a luminous flame forming bromine 
trifluorido, BrFy. Similar remarks apply to iodine» where the pentafluoride, IF5, 
is formed. The licat of the former reaction is small, the latter great. Liquid 
fluorine, however, does not react with or dissolve bromine or iodine at — 187"", nor 
does it liberate iodine from pota.ssium iodide. In the presence of water, chlorine 
/reacts with fluorine forming hypochlorous acid ; and bromine, hypobromous acid ; 
some.chloric or bromic acid may also be formed, and part of the water is also decoin- 
posed by the excess of fluorine. If fluorine be passed into a 50 per cent. soln. of 
hydrofluoric acid> there is an energetic, reaction accompanied by a flame in the 
midst of the liquid. The reaction of fluorine with gaseous or aq. soln. of hydrogen 
chloride, bromide, or iodide, is accomjianied by flame. Most of tlic haloids of the 
metalloids are attacked with great energy by fluorine at ordinary temp. 

Fluorine does not unite with argon even if a mixture of the two gases be heated 
or sparked. Neitlicr nitrogen or nitrous oxide, N2(), nor nitrogen peroxide, NOo, 
is attacked by fluorine at ordinary temp. O. Ku(T and J. Zedner also found no 
reaction occurred at tlie temp, of the electric arc between fluorine and nitrogen. 
Even at a dull red heat nitrous oxide remains unattacked by fluorine, Imt by 
sparking a mixture of fluorine and nitrous oxide, a mixture of nitrons oxide, nitrogen, 
and oxygon is formed, but no nitrogen oxy fluoride.^ ^ A little nitric oxide, NO, 
unites with fluorine at ordinary temp. ; the reaction is attended by a pale yellow 
flame, and a volatile oxyfluoride is formed ; but if the nitric oxide be in large 
excess, it is simply broken down into nitrogen and oxygen, and the excess of nitric 
oxide forms nitrogen peroxide. According to H. Moissan and P. Lebeaii, if the 
fluorine be in excess, at the temp, of liquid oxygen, a white solid is formed which, 
as the temp, rises, changes into a colourless liquid, boiling above Hif, and 
which furnishes on fractionation nitroxyl or nitryl fluoride, Fluorine 

decomposes ammonia with inflammation ; and a mixture of the two gases explodes. 
Phosphorus inflames in fluorine gas forming the pentafluoride, PF5, if the fluorine 
be in excess ; and the irifluoride, PFg, if the phospliorus be in excess. Arsenic 
forms the trifluorido, AsFg, with inflammation. KSimilarly with antimony ; but 
bismuth is only superficially attacked. Both phosphorus and arsenicToact with 
incandescence with liipiid fluorine, but antimony remains unaltered. Phosphorus 
pentoxide, P^Ds* decomposed at a red heat forming the fluoride and oxyfluoride ; 
phosphorus tri- and penta-chloride are attacked with the production of flame ; 
neither phosphorus pentafluoride nor phosphorus oxyfluoride is attacked. Arsenic 
trioxide and arsenic trichloride are attacked. Arsenic trifluoride, AnF^, absorbs 
fluorine, and tlie heat generated during the absorption led H. Moissan to suggest 
that some unstable arsenic 'pentafluoride is formed. 

Both boron and silicon unite with fluorine gas energetically and with incandes- 
C/ence, forming in the one case boron trifluorido, BF3, and in the other, silicon tetra- 
fluoride, SiF4. Boric oxide and silica reai^t energetically in the cold. Boron 
trichloride, BGI3, at ordinary temp., and silicon tetrachloride, SiCL, above 40"*, 
both react with fluorine. Dry fluorine does not attack glass, for H. Moissan kept 
dry fluorine in glass vessels for two hours at 100"*, without appreciable attack. 
Hydrogen fluoride beluives similarly. The slightest trace of moisture is suflicient 
to activate eitlier gas. Dry lampblack becomes incandescent in fluorine ; wood 
charcoal fires spontaneously; the vigour of the reaction is reduced at low temi>., 
for boron, silicon, and carbon are not attacked by liquid fluorine. If powdered 
charcoal or soot be allowed to fall into a vessel containing liquid fluorine, the particles 
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become iucandeBcent as they drop through the vai)our, but the glow is quenched 
when the |mrticies reach the liquid. Tlic denser forms of carbon require a tern]), of 
50 to 100"^ before they become incandescent ; retort carbon requires a red heat ; 
and the diamond is not affected at that temp. Soft charcoal is quickly ignited in 
contact with the gas. The product of the reaction is usually a mixture of different 
carbon fluorides, but if the temp, of the reaction be kept low, carbon tetrafluoride 
alone is formed. H. Moissan also found that Huoriiie acts on calcIum carbide at 
ordinary temp, giving calcium fluoride and carbon tetrafluoride. Carbon monoxide 
and dioxide are not attacked in the cold ; carbon disulphide» CSg, inflames forming 
carbon and sulphur fluorides ; carbon tetrachloride> CCI 4 , reacts at temp, exceeding 
30"^ forming chlorine and carbon tetrafluoride ; cyanogen is decomposed at ordinary 
temp, with the production of a white flame. According to W. L, Argo and co- 
workers, the unlighted gas issuing from a Bunsen’s burner is immediately ignited 
by fluorine. According to B, Humiston, acetone in an open vessel takes* tire ; 
chloroform forms chlorine, phosgene, and carbon fluorides. With phosgene, a 
compound which appears to be carbonyl fluoride, COF 2 , was formed. The action 
of fluorine on ethylene tetrachloride* 0 . 20 ) 4 , is symbolized : 0 .. 014 + 2 F 2 ^-= 02 F 4 + 2 C 1 q, 
followed by Ola+OaOU-CoClo, and O. 2 F 4 -OF 4 +O. 

Tlie metals arc in general attacked by fluorine at ordinary temp. ; many of them 
become coated with a layer of fluoride which protects them from further action. 
Those remarks apply to the metals: aluminium, bismuth, chromium, co})per, gold, 
iridium, iron, manganese, palladium, platinum, ruthenium, silver, tin, zinc. The 
formation of a protective skin of Ihioride renders it ])Ossible to ])rcpare fluorine in 
copper and platinum vessels at ordinary temp. Lead is slowly converted into the 
white fluoride at ordiiiary tomj). If the temp, bo raised, nearly all the metals are 
vigorously attacked with incandescence — for example, with tin and zinc, the 
ignition tom]), is about 100 '\ and iron and silver, at about e5W, Irold and ])latinum 
arc slowly converted into their fluorides at about r>(X)‘^ or BOO''. The metals of the 
alkalies and alkaline earths, thallium, and magnesium are converted with incandes- 
cence into their fluorides. Many of the metals which in bulk are only attacked 
slowly, are rapidly converted into fluorides if they are in a finely divided condition. 
Thus fluorine forms a volatile fluoride with powdered molybdenum in the cold, 
but a lump of the rnctal is not attacked ; tungsten is attacked at ordinary temp., 
and also forms a volatile fluoride ; electrolytic uranium, in fine powder, is vigorously 
attacked and burns, forming a green volatile hexafluoride. If niobium (coluinbium) 
or tantalum be warmed, the jjcntafluurides are formed. Lic^uid fluorine has no 
action on many of the metals iron. If mercury be quite still, a protecting 
layer of fluoride is formed, but if the metal be agitated with the gas, it is rapidly 
converted into the fluoride. 

The chlorides* bromides* iodides* and cyanides are gemually vigorously attacked 
by fluorine in the cold ; sulphides* nitrides* and phosphides are attacked in tlie cold 
or may be when warmed a little ; the oxides of the alkalies and alkaline earths are 
vigorously attacked with incandescence ; the other oxides usually require to be 
warmed. The sulphates usually require warming ; the nitrates generally resist 
attack oven when warmed. The phosphates arc more easily attacked than tlie 
sulphates. The carbonates of sodium, lithium, calcium, and lead arc decomposed 
at ordinary temp, with incandescence, but potassium carbonate is not decomposed 
even at a dull red heat. Fluorine docs not act on sodium borate. Most of these 
reactions have been qualitatively studied by H. Moissan, and described in his 
monograph, Lejluor ei ses wmposes (Paris, 1900). 

Atomic and molecular weight ol fluorine. — The combining weight of fluorine 
has been established by converting calcium fluoride, potassium fluoride, sodium 
fluoride, etc., into the corresponding sulphates. In illustration, J. B. A. Dumas 
(1860) found that one gram of pure potassium fluoride furnishes 1’4991 gram of 
potassium sulphate. Given the combining weights of potassium 39’ 1 , sulphur 
32*07, oxygen 16, it follows that if x denotes the combining weight of fluorine with 
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39’1 j^raniH of potassium, 1 : l’49yi=2Kl<’ ; K2S04~2(39'l-i x) : 174'27 ; or, 

fj* — - 

H. Davy made the first attemjit in this direction in 1814 by converting fluorspar 
into the corre8|>oiiding sulphate, llis result corresponds witli an at. wt. 18*81. 
J. J. Berzelius (1826) also employed a similar jirocess and obtained first the value 
19*16 and later 18*86. T. Louyet, in 1849, ejiiployed the same process, taking care 
tliat the particles of fluorspar did not escape the action of the sulpliuric acid by the 
formation of a protective coating of sulphate. B. Louyet obtained 18*99 with 
native fluorspar, and 19*03 with an artificial calcium fluoride. J n 1860, J. B. A. Dumas 
obtained tlie value 18*95 with calcium fluoride ; S. dc Ijuca (1860), 18*97 ; IL Moissan 
(1890), 19*011. r. Louyet, J. B. A. Dumas, and H. Moissan also converted sodium 
fluoride into sodium 8ul])hate and obtained respectively the values 19*06, 19*08, 
and 19*07. P. Louyet and H. Moissan in addition converted ]>ariuui fluoride into 
the sulphate and obtained resjiectively 19*01 and 19*02 ; and P. Loiiyet’s value, 
19*14, was obtained with lead fluoride. 0. T. Christensen (1886) treated ammonium 
manganese fluoride, (NH.|) 2 MnK 5 , with a jnixturc of ])otasshim iodide and hydro- 
chloric acid — Oiic mol. of the salt gives a gram-atom of iodine. The liberated iodine 
was titrated with sodium tliiosuljihato. The value 19*038 was olitained. J. Meyer 
(P.K)3) converted calcium oxide into fluoride and obtaiiH‘d 19'03r>. D. J. McAdain 
and E. F. Smith (1912) obtained 19*015 by transforming sodium fluoride into the 
chloride. E. F. Smith and W. K. van Haagen obtairual 19*005 by <onverting 
anhydrous borax into sodium fluorid<*. E. Mnles and T. Batuocas estiiiiated the 
at. wt. of fluorine from the density of methyl fluoride, and found 18*998 ±U*(K)5 
when the at. wt. of carbon is i2*(K)(), and ot hydrogen, 1*0077. The best 
determinations range between 18*97 and 19*14, and the best representative value 
of the combining weight of fluorine is taken to be 19. No known volatile com- 
pound of fluorine contains less than 19 parts of fluorine per molecule, and 
accordingly this same number is takem to represeut the at. wt. The vu])our 
density of fluorine, determined by H. Moissan, is 1*31 (air-- I), that is, 28*755 
X 1*31 --37*7(112— 2). The jnolccuic of fluorine', is tht'ieforc represented by F^. 

Fluorine is assumed to be univalent siiua^ it forms fluorides like KF, NaF, etc. 
with univalent elements and radicles ; (.‘aF^, JhiF.^, etc., with ])iva]cnt radicles, etc. 
As indicated in connection with hydrogen fluoride, etc., there Is, however, the great 
probability that fluorine also exhibits a higher valency in the more complex com- 
pounds like K F.HF, AlF^.^lNaF, etc. *^7 p)jj^ agrees with J , Thomsen’s observa- 
tions on the heat of the reaction between the acid and silica. 
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§ 5. The Occurrence of Chlorine, Bromine, and Iodine 

Chlorine,- (^iloritic docs not occur free in Jiaiure, l)iit hydrogen chloride has been 
rc()orted in the fumes from the funieroles of volcanic districts, i V\\siivius, llecla, 
etc. 1). Franco reported tliat the gases given oif by ih(‘. flowing lava of Vesuvius, 
during solidification, contained much hy<lrogcn chloride, and the same gas has been 
foiuul as an inclusion in minerals. Hydrogen c.liloride is also found in tlie s])rings 
and rivers of volcanic districts r.//. the Devil's rnk])ot (Yellowstone National i^irk), 
Paramo dc Ruiz (Colombia), Brook Sungi Pait (Java), the Rio Vinagre (Mexico), 
etc. The latter is said to contain 0 U91 ])er cent, of free liydrochlorii* acid which 
is estimated to be c(i. to 12,150 kgrms. of HCl per diem. ^ J. B. J.D. Boussingault 
supposes this acid to be derived from the decomposition of sodium chloride by steam. 

Combitu3(i chlorino is an essential coihstitucut of many tniiauals — thvrc ^ro ml ammoniac 
(atimu)uiuni chloride) ; nylvinc (potassium clilurido) ; halite (sodium (jhlorith^) ; cfdorocairUe, 
(/u(4.^ ; ccrargyrUe or horn silver, Ay;Cl ; calomel, IlgCl ; h’r/mf/aa/ir, llg. 2 ()CI ; eglvMoniic, 
Hg 4 Cl 2 <) ; mohffiite, FeCl., ; 2KCl.K(4"l3.ll20 ; rinneile, 3KCl.NaCLFeCl3 ; 

kremersite, 2K(1.2NH/4.2FoCb,.3H.20 ; lawreneite, FoCla ; douglasite, 2KCl.FoCla.2H./) ; 
ftrairhile, MiiCIa ; eotunnite, i»})Cl 2 ; matlockite, IM^Cla.J’bO ; penfleldite, 2PbCla.PbO ; 
mcmlipite, J*b(.‘ 1 . 2 . 2 PbO ; laurlonite, PI)Cl 2 .Pb(OH ).2 ; jicdlerite, 2 PbCla.Pb( 01 i )2 ; rafatdile 
or jiaralavr ionite, Fb<.’l(()H) ; nantokite, CuCl ; mdaHOthiUite, CuCla.CuO.H gO ; hydro- 
melanothallile, (\iCl.,.Cu().2H gO ; ataramite, Cin^ChOlDa; pereylitv., FbCuCl{()H ).2 ; holvhte, 
3n>(!u(:i.2(()H).2.AgC! ; Joote.itc, CiiOLmSOiKOH jg-lllgO ; lalUngite, CuCl2,4Cu(Oll)a.4HjO ; 
ofAlite, CuCl2.2Cu(()lL)2.HoO ; cumenge'de, 4P])0l2.40u().5K2() ; jmenthbolUe, r»l*bCl2,4Cu(). 
(illaO ; phomjenitc, daubreite, BK33.2HiaOa.3H5j() ; and in suiiio Stassfurt 

mi)ieral.s, carnaUUe, KOLAIgCl.j.OllgU ; biHchoJite, ; UuhhydrUe, CaCl2.2MgCJ2. 

121120; horaeiie, Mg( 'l.2.2Mg3HKOj- ; etc. Chlorine also occurs in minend pho.spliateS“- 
e.ij. it partially replaet^s Huoiiiie in tlio chloroujiatites — pyrornorphite, (PbCl)Phi(P 04 ) 3 ; 
rnimrfile, (PbCl)Pb 4 (As()j )3 ; and variadinilr, (PbCl)Pb,(V() 4 ) 3 . It ocMuira in pyro&matite, 
ll 5 (Fe,iVlii)jSi.iOi«Cl ; socialite, Nii^AlaSisOigCl, and other silicate minerals. 

Chlorides occur in sea, river, and spring water, and small quantities in rain water. 
The ashes of plants and aniiiials c.ontain some chlorides. The gastric juices of aniinala 
contain clilori<les as well as free liydrochloric acid. The 0'2 to 0*4 ]>er cent, of free 
hydrochloric acid in the gastric juices of man is thought to play an important role 
ill the dig(isiion of food.'^ Sodium chloride oc< urs in blood and in urine ; flesh 
contains ])ota.ssiuni chloride ; while milk contains botli of the alkaline chlorides, 
with potassium chloride in large excess. According to K. Wanach.^ blood contains 
0*259 ])er cent, of chlorine, and serum, 0*353 per cent. ; and according to 
A. J. Carlson, .1. R. Greer, and A. B. Luckhardt, there is still more ehlorinc in lymph. 
T. Gassmann found liuman teeth to contain 0*25 to 0*41 ])er cent, of combined 
chlorine, and the teeth of animals rather less. 

Bromine.- ~J. H. L. Vogt^ estimates that' bromine occupies about the 25tli 
place in the list of elements arranged in the relative ordtu* of their aburwlaiice ; and 
that the total c.rust of the earth has about O'OOl per cent, of bromine — the solid 
portion 0*(XKX)1 per cent. The ratio of bromine to chlorine is about the same in 
sea water and in the solid crust, and amounts to 1 : 150, The ratio of chlorides to 
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bromides in marine waters of the globe is almost coustant, excepting land-locked 
seas like the Black and Baltic Seas, It has been estimated that there are about 
120()(X),(XXKKX) tons of bromides present in all the marine watem of our globe. , The 
salt lake south of Gabes in Tunis has been worked since 1915 for bromine and 
potash. 

There is no record of the occurrence of free bromine in nature, but R. V. Matteucci® 
has reported the presence of hydrogen bromide in the fumeroles about Vesuvius. 
Bromine usually occurs as an alkali bromide or as silver bromide with more or less 
silver chloride and silver iodide. Thus, the Chilean mineral bromargyrUe^ f/rornyrile^ 
or bromite approximates to AgBr ; chlorobroniosilver or eniholite, Ag(Cl,Br) ; and 
iodohromiUi^ or iodoemholile, Ag(Cl,Br,l). Small quantities of these minerals occut' 
in other places. Bromine has been reported in rock salt, meerschaum, and in French 
phosphorites by F. Kuhlrnann ; ^ in Silesian zinc ores by C. F. Mentzel and M. Cochler ; 
in Chili saltpetre by H. Griincberg ; in coal by A. Duflos ; and in ammonia water and 
artificial sal ammoniac, by C. Mfene and others. The Stassfurt salts contain bromides, 
indeed, tliese salts are the chief source of commercial bromine.® Perhaps two- 
thirds of the world's annual consumption of bromine (1,50C,(KX) kilos) was obtained 
in (IcDuany from these deposits. According to H. E. Bookc, the bromine in the 
Stassfurt deposits is there in the form of a bromo-carnallilr., MgBr2.KBr.6H2O, in 
isomorphous mixture with carnallitc MgCl2.KCl.6H2O. L. W. Winkler reported 
that the ])otash liquors of sp. gr. 1*3, from Stassfurt, Mecklenberg, and Hainleite 
respectively, have 7*402, 5*398, and 3*691 grms. per litre. Bischofite and tachhydrite 
from Vienenburg are the richest in bromine and contain revspectively 0*467 and 
0*438 ])cr cent. ; earnallite has 0*143 to 0*456 per cent. ; sylvine, 0*117 to 0*3(X) 
per cent. ; sylvinite, 0 085 to 0*331 per cent. ; Hartsalz, 0*027 per cent. ; and 
langbeinitc, 0*016 per cent. The presence of bromides has been detected in numerous 
mineral and spring waters. There is a long list of reported occUrreneos of bromine 
in mineral waters in different parts of the world arranged alphabetically in L. Gmelin 
and K. Kraut’s Handhueh der anorganisehen Cheinie (Heidelberg, 1. ii, 218, 1909). 
The waters of Anderton (Cheshire), Cheltenham (Gloucester), Harrogate (Yorkshire). 
Marstou, Whceloek, and Winsford (Cheshire) are in the list for England. Some of 
the brine springs the Congress and Excelsior Springs of Saratoga, N.Y. ; 
Natrona (Wyoming) ; Tarentum (Pennsylvania) ; Mason City, Parkersvillc, etc. 
(West Virginia) ; Michigan, Pittsburg, Syracuse, Pomeroy, etc. Clhio)— contain so 
large an amount of bromine that in importance they are second only to the Stassfurt 
de[)08its as sources of commercial supply ; and they have played an important part 
in kcc})ing down the ])ricc, and preventing the Stassfurt syndicate monopolizing the 
world’s markets. The mineral waters of Ohio are said to contain the cq. of from 
3*4 to 3*9 })er cent, of magnesium bromide. Bromine is present in sea water. The 
mixture of salts left on evaporation of the waters of the Atlantic Ocean contains 
from 0*13 to 0*19 per cent, of bromine presumably as magnesium bromide ; the 
Red Sea, 0*13 to 0*18 ; the Caspian Sea, 0*05 ; and the Dead Sea, 1*55 to 2*72 per 
cent, of bromine.® 

E. Marchand^® has rcj)orted the presence of traces of bromine in rain and snow. 
The ashes of many sea weeds and sea anijnals (*ontain bromine- thus, dried Ftwm 
vesiculosuH contains 0*682 per cent, of bromine.il Bromine has been reported in 
human iirino, salt herrings, sponges, and cod liver oil ; but not in bone ash. Indeed, 
all products directly or indirectly derived from sea-salt or from Stassfurt deposits- - 
in the present or in the past — contain bromine. It is also said to be an essential 
constituent of the dye Tyrian purple which was once largely obtained from a species 
of marine gastropod or mollusc. 

Iodine. — Iodine is perhaps the least abundant of the halogens. Although 
widely distributed, it always occurs in small quantities. J. II. L. Vogt 12 estimates 
there is about 0*0001 per cent, of iodine in the earth’s crust- the solid matter 
containing about 0*(XXX)1 per cent. ; and the sea, 0*001 per cent. A. Gautier’s 
estimate of the iodine in the sea is about one-fifth of this. Iodine occupies the 
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28tii place in the list of elements arranged in their relative order of abundance, so 
that iodine has exercised no essential chemical or geological influence on the earth’s 
surface. The sea appears to be the great reservoir of iodine. The ratip of bromine 
to iodine in sea water and in the solid crust is approximately tlie same, viz, from 
1 : 10 to 1 : 12 ; and, in sea water, the ratio of clilorine to iodine is as 1 : 0*00012. 
L. W, Winkler reported 17 mgrms. of iodine (as iodid<‘) per litre of a natural 
saline water from Mecklenburg, that is, about 340 times as mucli as in sea water ; a 
sylvinite mother-liquor from Alsace contained 0*5 mgrm. of iodine per litre. 

Iodine does not occur free in nature, although, according to J. A. Wanklyn,!^ 
the waters of Woodhall Spa (Lincoln) are coloured brown by tins element. 
K, V. Matteucci reported the occurrence of hydrogen iodide in the emanations of 
Vesuvius, and A. Gautier found iodine in the gases disengaged from cooling lava. 
Iodine occurs along with bromine in iodobroniite, Ag(Cl, Br, 1) ; in iodyrite, Agl ; 
marshite^ Cul ; cocciniie, Hgl 2 *> hi schwartzemberyiie, rb(l, Cl) 2 * 2 Pb(). Ac- 
cording to A. Guyard,*^ the iodine — up to about 0*175 per cent, in Ghile saltpetre — 
is present as sodium iodate, NalOs, and periodate, NaI 04 ; H. Griineberg considers 
a double iodide of sodium and magnesium is also present. Potash saltpetre also 
has been reported to contain potassium iodate, KTO 3 , the caliche from wliicdi CUiile 
saltpetre is extracted forms one of the most important sources of iodine ; it contains 
about 0*2 per cent, of iodine, probably as sodium iodate. Iodine has also been 
reported in the lead ores of Catorce (Mexico) ; in malachite — 0 08 to 0*40 per cent. 
(W. Autenrieth) ; Silesian zinc ores (0. F. Mentzel and M. Gochler) ; the (*Jay 
shales of Latorp in Sweden M. G. Gentele) ; the limestones of Lyon and Montpellier 
(G. Lombert) ; the bituminous shales of Wurtemberg (G. C. L. Sigwart) ; the dolomites 
of Saxony (L. R. Rivicr von Fellcnberg) ; rock salt (0. Henry) ; the phosphorites 
of France (F. Kuhlmann) ; the phosphates of Quercy (II. Lasne) ; granites 
(A. Gautier) ; Norwegian a]>atitc (A. Gautier) ; coal, and ammonium salts derived 
from coal (A. Duflos) ; guano of f.’urafao (II. Steffens) ; and the Stassfurt salt 
deposits (A, Frank) — althougli F. Kiime and E. Erdmann failed to confirm 
A. Frank’s results. The presence of iodides has also been recorded in a number of 
sjiring waters, brines, ctc.^*' In Great Britain it occurs in the waters of Leamington 
(Warwickshire), Bath (Somerset), Cheltenham (Gloucester), Harrogate (Yorkshire), 
Woodhall Spa (Lincoln), Bonnington (near Leith), Shotley Bridge (Uurham), etc. 
Iodine occurs in small quantities in sea water ; E. Sonstadt estimated that there 
is about one part of calcium iodate per 250,000 ])arts of sea water ; but according to 
A. Gautier, the iodine in the surface water of the Mediterranean Sea is found only 
in the organic matter which can be .separated from the water itself by filtration ; 
but at depths below 80<I metres, he found iodine to be in water itself ns solu])le 
iodides. According to A. Gautier, also, the waters of the AtlaTitic contain 2*240 
mgrms. per litre ; and according to L. W. Winkler, the waters of the Adriatic Sea, 
0 038 mgrm. per litre. A. Goebel re])OTted 0*11 per cent, of iodine in the salts from 
Rod Lake (Perekop, (himoa) ; and H. Fresenins 0*0000247 ])er cent, in the waters 
of the Dead Sea. The amount is so small that analysts have usually ignored the 
iodine, or re})orted mere traces. Similar remarks apply to the brines from the 
waters of closed basins. 

Iodine lias liecn reported in rain and snow,i^ and A. Chatiri found iodine uni- 
versally present in small quantities in the atm., rain water, and running streams. 
A. (rautier reported in 1889 that the air of Paris contaiiuMl less than 0*002 mgrm. 
of free iodine or an iodine conqiound in about 4(K)0 litres ; but 1(K) litres of air in 
Paris contained 0 0013 mgrm. in a form insoluble in water, generally the spores of 
alga), mosses, lichens, etc., sus])ended in the air. A. Gautier also found sea air to 
contain O Olfl? mgrm. of iodine per 100 litres. The amount of iodine in mountain 
air and the air of forests is less than in other parts. The iodine in the atm. is 
supposed to be of marine origin. The presence of iodine a.s a normal constituent 
of tlie atm. has been denied, but A. Chatin’s conclusions wore confirmed by 
J. A, Barral, A. A. B. Bussy, and A. Gautier, Marine animals and plants assimilate 
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iodine from sea water ; most of tbe iodine can be extracted by water from the ash 
of these organisms. It appears strange that the marine algfe should select iodine 
from sea water and practically leave the bromine which is present in much larger 
proportiojis. The }ielagi(‘ seaweeds (algie) in favourable localities cover the ocean 
about th(*. lO-fathonis line with dense fields of floating foliage ; the littoral seaweeds 
grow nearer shore at about the limit of extreme low tide. The dee])>sea algjo 
usually have a greater })roportion of iodine than those which grow in shallow water. 
According to E. C. C, Stanford, the percentage amounts of iodine in a few dried 
plants are as follows : 


Ll'TPORAfi (ShORK) 

SUAWREDS 

rFXAaro (PnEP-SRA) 

Srawrrds 

Fucu.s 

llliiini ‘ . 

. 0*080 

Ncrcocjystis loutkc'ana 

. 0*521 

FufllH 


. oiar» 

Mafro(*yHi is j)yriffn‘a 

. 0-205 

FuCMlfl 

nudosus 

. o*or»7 

lVla^t)}>hy(Mis porra . 

. 0*241 

l‘5iciis 

scmitns . 

. 0(»8.5 

Laminaria digital a . 

. 0374 

Flic us 

vcsieiilosns 

. 0*001 

Laminaria sUmophylla 

. 0*478 

Ulva uinbilicalis 

. 0059 

Laminaria sax'chariiia 

. 0*255 


A. M. Ossendowsky studied the algtc employed in northern Japan for making iodine. 
According to J, IVllieux, seaweed grown in winter usually carries more iodine 
than that grown in summer : that grown in the north more than that grown in the 
.south ; and the younger parts of the algre more than in tlie older parts. Iodine has 
not been found in the gelatinous varieties of marine alga>- -f’.r/. the chotnlrns crisjms 
or Jrisli juoss, and the euckeunui spwosutn or agar-agar ; nor has it been found in 
the entvromorpha or (common sea-grass. Home ]>lants which grow near 

the sea -e.r/. the saUola kali, or salt-wort of .salt-marshes, from which barilla is 
made^l are almost free from iodine. Smaller amounts of iodine have been found 
in fresh-water ])lant8 than in land ]»lants. and smaller pro])ortions of potash are 
found in them also. According to A. Gautier.-^ iodine jinist be a constituent of 
the chloropliyll or reserve protoplasm of plants because ])lants containing chloro- 
phyll contain more than the alga> and fungi which are free from eld()ro])hyll. 
Iodine is found in tol)ac(>o (A. Gautier), and in be(droot (M. J. INn*sonne), and 
the })otash derived from these products, as well as other plants, also contains iodine. 
It is found in fossil [dants ; an<l hence, also its occurrem^e in coal, and in the 
ammoniat al products derived from coal. 

Turkey sponge has 0*2 [)er cent., the honeycomb sponge 0 054 ])cr cent., and 
according to K. lljnideshagen,-'^ the. sponges from tropical seas contain up to 14 ]>cr 
cimt. of iodine; A. Kyfc, and K. Stratingh found none in corals ; but E. J)rcc)iscl 
is<ilat('d from certain corals what he considered to be iodof/orffic acid, ( 4 irglN 02 . 
Minute fpiantities of iodine have atso been reporte.(l in nearly all marine worjiis, 
molluscs, fish, and other marine animals which have been examined. For example, 
oysters have been reported with 0'00004 ])er cent, of iodine ; ]>rawns, 0‘0(K)44 ; 
cockles, 0 ()0214 ; mussels, 0 ()357 ; salt herrings, 0 (X)0fi5 ; cod-fish, 0*00()J(); 
and cod's liver, O‘(KK)10 per cent. It occurs in most fish oils cod-liver oil, for in- 
stance, contains from ()*(KK)3 to ()*(KK)8 ]>er cent, of iodine ; whale oil has 0*(X)()1 per 
cent. ; and seal oil, O lXKXlf) per cent. 

Iodine is a normal constituent of animals where it probably occurs as a complex 
orgarnc^ compound. The iodine of the thyroid gland is present as a kind of albumen 
containing ])liosp)iorns and about 9 per cent, of iodine. 49ns has been isolated by 
dig(‘sting tbe glaiul with sulphuric acid, and precipitating with alcohol. The iodine 
s(‘ems to }day a most im})ortant ])art in the animal economy. The proportion of 
iodine is smaller in young ])eople than in adults, and the amount becomes less and 
less with the aged.-*^ According to .J. Justus, the amount of iodine in milligrams 
})cr 1(H) grms. of the various organs of human brings is : tliyroid gland, 9*70 mgrms. ; 
liver, 1-211; kidney, 1*053 ; stomach, 0-989; skin, 0*879; iiair, 0*844; nails, 
0’8(K); prostate, 0‘()89 ; lympliatic gland, 0*(i(X) ; spleen, 0*5()0 ; testicle, 0*500 ; 
pancreas, 0*431; virginal uterus, 0*413; lungs, 0*320; nerves, 0*200; small 
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intestine, 0T19 ; fatty tissue, traces. The proportion in the corresponding parts 
of animals is smaller. Only a very small proportion is found in blood and muscle. 
0. Loeb could find none in the brains, spinal marrow, fat, and bones. Iodine has 
been reported in wine and in eggs. E. VVinterstein found no iodine in milk, cheese, 
or cow’s urine; but he found iodine in thirty-five phanerogams in beetroot, 
celery, lettuce, and carrots, but not in mushrooms or yellow boletus. 
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§ 6. The History oi Chlorine, Bromine, and Iodine 

La vrai chimin no date quo de I’emploi bion (^tabli dos acides min(5raux, qui sont veri- 
tablos dissolvants des metaux. — F. HojijrKa (1842). 

Sodiuin chlorido was known as salt from the oarliost times. About 77 A.D., 
Pliny, in liis Naiurctlis Jlt.^loria* ( 83 . 25), described the purification of gold by 
heating it witli salt, rnisy (iron or co])j)or siil[)hate), and scliistos (clay). This 
mixture would give off fumes of hydrogen chloride. I’he attention, howe.ver, was 
focussed on the effect of the treatment on the metal ; no notice was taken of the 
effluvia. In the AUhimia Geberi (Bern, 1545) - supposed to have been written in 
the thirteenth century or afterwards —there is an account of the preparation of 
nitric acid by divstilling a mixture of saltpetre, copper sulphate, and clay ; and Geber 
adds that the product is a more active solvent if some aal amnioviacus is mixed with 
the ingredients. Thus Geber pre])ared aqua rexjia. Raymond Lully ^ called the 
former aqua sali^ nitri, and the latter aqua mlu armoniaci ; Albertus Magnus 2 
called the first aqua prima (nitric acid), the second aqua seourula (a(pia regia). 
J. R. Glaulicr (1648) ^ prepared aqua regia by distilling nitric acid with common 
salt. 

While the Arabian alchemists were probably acquainted with the mixture of 
nitric and hydrochloric acid known as acpia regia, there is nothing to show that they 
were acquainted with hydrochloric acid. The method of making hydrochloric acid, 
first called spiritus salw, dates from the end of the sixteenth century, Althongli 
there is no record, this acid was probably made earlier than this because it was the 
custom of the then chemists to collect the ]>rodncts of the distillation of mixtures of 
various salts and earths ; and the necessary ingredients vrere in their hands. For 
example, in ])reparing aqua regia it merely re.cpiired the substitution of sal miiurus 
for nitrum — which, as Pliny said, “do not greatly differ in their properties to 
furnish s^piritm salis, Tt is alnio.st inconceivable tliat this was not done. The 
preparation of the acid by distilling salt with clay is mentioned in the Alchewia 
(Francofurti. 1595) of A. .Libavius ; and in the Tnu7nphwa(jev de^s Aniituomi 
(Lei]»zig, 1624) of the anonymous writer Basil Valentine. J. R. Glauber (1648) 
described the preparation of npiritus salis by distilling common salt with oil of 
vitriol or with alum. J. R. Glauber also described the salient properties of this acid, 
and especially remarked on its solvent action on the metals. He mentioned that 
silver resists its action. H. Boerhaave knew that lead resists the action of the 
acid ; R. Boyle referred to the action of the acid on soln. containing silver, and he 
noted that the salt which this acid forms with the alkalies effervesces and fumes 
when treated with sulphuric acid. Stejihen Halos (1727) noticed that a gas very 
soluble in water is given off when sal ammoniac is heated with sulphuric acid, and, 
in 1772, J. Priestley collected the gas over mercury and called it mariue acid air h\ 
reference to its production from sea-salt. For a similar reason, the French term 
for the acid was acide marin. In A. L. Lavoisier's nomenclature (1787), the acid 
was designated acide uiuriatique, or muriatic acid ; and after H. Davy’s investiga- 
tions on chlorine, the name was changed to acide chlorh tjdrique or hydrochloric acid. 

There can be little doubt that the corrosive., suffocating, greenish -yellow fumes 
of cldorine must have been known onwards from the thirteenth century by all 
those who made and used aqua regia e.y. d. R. Glauber’s rectified spirit of salt 
mentioned above. Farly in the seventeenth century, J. B, van Hebnont mentioned 
that when sal mann (sodium chloride) or sal armeuiacus (ammonium chloride) and 
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aqua ohrysnka (nitric acid) arc iiiixod together, a flatus uwoercibile iti evolved. 
J. Glauber (1648) also a])pears to have obtained a similar gas by heating zinc chloride 
and sand ; he also said that by distilling spirit of salt with metal oxides, he obtained 
in the receiver a spirit^hc colour of fire, which dissolved all the metals and nearly 
all minerals. This liquid was no doubt chlorine water ; J. R. Glauber called it 
rectified spirit of salt, and he said that it can be used for making many products 
useful in medicine, in alchemy, and in the arts. He gives an example by ])ointing 
out that when treated with alcohol, spirit of salt furnishes oleum vini, which is 
very agreeable, and an excellent cordial. 

The meaning of these observations was not understood until C. W. Scheele 
published his De magnesia nigra in 1774. C. W. Scdieele found that when hydro- 
chloric acid is heated with manganese dioxide, a yellowish-green gas, with a smell 
resembling warm aqua regia, is given off. 0. W. jSchcele’s directions for i>reparing 
the gas are : 

Common muriatic acid in (o bo mixc'd with lovigaiixl manganese (i.r.. pyrolusiie) in any 
quantity in a gloss retort, wliich is to ho put into worm sand, and a glass rofoiver applied, 
capable of containing about 12 oz. of water. Into the receiver put af>uut 2 tiriiis. of water ; 
the joints are to bo lutcjd with a pio<‘e of blotting paper tied round tla^m. In a quarter of 
an hour, or a little longer, a c^uaiitity of the acid, going over into the reccivoi*, gives the 
air coutainoil in it a yellow colour, and then it is to bo separated from the retort. 

He remarked that the gas is soluble in water ; that it corroded corks yellow as 
if they had been treated with nitric acid ; that it bleached pa})er coloured with 
litmus; that it blca(‘lied green vegetables, and red, blue, and yellow flowers nearly 
wliite, and the colour was not restored by treatment with acids or alkalies ; 
that it converted mercuric sulphide into tlie chloride and sodium hydroxide, 
common salt ; etc. 

C. W. Schecle considered the yellowish-green gas to be muriatic acid freed from 
hyd)‘ogcn (then believed to be phlogiston) ; accordingly, in the language of his 
time, it was called dephlogisLicated muriatic acid, A. L. Lavoisier (1789) 5 named 
the gas oxymuriatic acid, or oxygenated muriatic acid, because he considered it to 
be an oxide of muriatic {i.e. hydrochloric) acid ; and, consistent with his oxygen 
theory of acids, A. L. Jjavoisier considered muriatic acid to be a comj)ound of 
oxygen with an hypothetical muriatic base- murium ; this imaginary element was 
later symbolized Mu ; hydrocliloric acid was symbolize<l MuO^ ; and C. AV. Scheele’s 
gas, M 11 O 3 . Hence, added A, L. Lavoisier, muriatic and oxymuriatic acids are 
related to each other like sulphurous and sulphuric acids ; and lie was at first in- 
clined to call the one acide muriaieuXy and the other acide murialique. This certainly 
seemed to be the most plausible explanation of the reactions. Lavoisier’s hypothesis 
was supported by an observation of 0 . L. Berthollet (178r>),® that if the manganese 
dioxide be deprived of some of its oxygen by calcination, it furnishes a much smaller 
((uantity of Scheele’s gas. Hence, concluded C. L. Berthollet, “ it is to the vital 
air (oxygen) of the manganese dioxide, which conibincws with the muriatic acid, 
that the formation of dephlogisticated marine acid is due.” He did not succeed iu 
oxidizing muriatic acid to oxymuriatic acid, because he considered that the elastic 
state of muriatic acid gas prevents it uniting directly with oxygen. However, 
0. L. Berthollet supposed that ho had succeeded in decom})osing dephlogisticated 
marine acid into muriatic acid and oxygen, for he noticed that an aq. soln. of 
0. W. Schecle's gas the so-called oxymuriatic acid- when exposed to sunlight, 
gives off bubbles of oxygon gas, and forms muriatic acid. 

In 18(J(), W. Henryk passed electric sparks through muriatic acid gas and 
obtained a little hydrogen which he supposed to come from the moisture in the gas ; 
on sparking a mixtunj of oxygen and muriatic acid gas he obtained a little oxyinuri- 
atic acid gas which he sup])osed was formed by the electric s])aik 8 decomposing 
some of the moisture in the muriatic acid gas into oxygen, and the union of the 
oxygen with the muriatic acid gas to form oxymuriatic acid gas. The experiments 
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of J. L, Gay lAissac* and L, J. Thciuird,® and the earlier cxperinientH (1800) of 
H, Davy,» were conij)li(*ated by the assuiuptiori that muriatic acid gas contains 
water, or tin* |)riuci])lcs which constitute watcM*, intimately combined. A(;cording to 
J. L. (ray Lussac and L, J. Thenard, muriatic, arid gas ami ofygen are formed when 
a mixture of steam and oxymuriatic acid is ])avssed through a lieated porcelain 
tube. It was here assumed that the muriatic acitl gas in virtue of its great affinity 
for water, leaves the oxygen with which it is combined in oxymuriati(‘ acid gas, 
and combines with the water to form muriatic acid gas. L. J. Gay Lussac and 
L. J. Thenard also found that by heating a mixture of hydrogen and oxymuriatic 
acid gas, theie is a ‘‘ violent inflammation with the production of muriatic acid ’’ ; 
they also showed that a mixture of equal volumes of hydrogen and oxymuriatic. acid 
gas does not change in darkness, but in light, the mixture is transformed into 
muriatic acid ; and in bright sunlight, the combination is attended by a violent 
ex])losion. It was assumed in these ex])erim(Mits tliat water is fonm^d by the 
hydrogen removing the necessary oxygon froin oxymuriatic acid gas, and leaves 
behind muriatic acid gas whicli is eag('r to c.ombine witli water. J. L. (Jay Lussac 
and L. J. Thenard also triced to deoxidize oxymuriatic a(*id, so as to isolate the hyiio- 
theiical muriatic base of A. L. Lavoisier, })y ]>assiiig the dry gas over red-hot carbon, 
but when tlie carbon was freed from hyilrogo.n no clutnge was obsiu ved even though 
“ urged to tl»e. most violent Jieat of the forge. ’ In any case, the attcm])t to stq)arate 
from o.Ky muriatic acid anything hut itself was a failure. While* favouring Jjavoisier's 
hyjiothesis, J. L. Gay Lussac and L. J. 'riicnard added: ‘"the facts can also be 
explained on the hypothesis that oxymuriatic a(*id is an elcmcntarv body. ’ Here, 
then, are two rival liypotlicscs as to the. nature ol oxymuriatic acid the yellowish- 
green gas discovered by 8checle ! According to V. W. Scheelc’s hv])(>tliesis, oxy- 
muriatic acid -muriatic acid Jess liydrogen ; according to V. J.. Bcrthollet and 
A, h, Lavoisier’s hypothesis, oxymuriatic acid -munatic acid j)lus oxvgen. 

In his Resr(frcltc.s on the O.vijmurviiie Acid (1810), H. Daw dcs(*nl)e(l the attenqd-s 
which he made, without success, to decojupose oxymuriatic acid gas. He also 
found that when dried muriatic acid gas is heated witli nietallic sodium or j)otassiiim, 
the metallic muriate and liydrog(*n are formed, but jicith(‘i‘ water nor oxvgcJi is 
obtained. Hence, no oxygen can be found in either juuriatic acid gas or oxymuriatic 
acid gas. H. Ziiblin also tried in IStSl, and likewise failed to tle.e.ojupose *‘hIorine. 
Arc oidingl\ , H. Davy clnitned that \V . Sclieolc s vi<'w is an ex])rcssion of tlio 
facts, whih^ Jaivoisicr's theory, tlnnigh “ beautiful and satisfactory.’^ is based U]>on 
a dubious liypotliesis viz. tlie presence of <^\vgen in gases where none can be found 
The definition of an element will not permit us to assume that oxymuriatic acid is 
a (‘.ompound, because, in spite of repeat(‘.d elTorts, nothing sinqdcu* than itself lias 
ever lieen olitained from the gas. In onh^ to avoid the. hyjiotliesis impli(‘<l in the 
term oxymuriatic acid, H. Davy proposed the alternative term chlorine and symbol 
Cl -from the Greek gfceii. The term clilorine is thus “ founded upon one 

of the obvious and charaxderistic propcrtie.s of the gas- its colour," 

According to H. Davy s theory, (\ L. Dertliol let's obs(u*vation on the action of 
oxymuriatic acid gas on water, and J. C, Gay Lussac and L. J. d’henard’s observation 
of the action of steam on ox^ iniiriatic acid gas, arc*, explained hy the equation : 
2fL()d 2CL-- ‘I1KU f ; that is, the oxygen comes from the water, not from 
the chlorine. Similarly, the formation of chlorine by the action of oxidizing 
agents U])on hydrochloric, acid is due to the removal df hydrogen. In symbols ; 
4H(.U*f 0*2 LGl^O f 2 CI 2 . H. Davy also showed that muriaHc. acid gas when ade- 
quately dried contaiuvs notJiing but hydrogen and (dilorine, and he sliowed that when 
the gas is d(‘com]>osed by heating it with mercury, ]>otassium, ziiu*, fir tin, a chloride 
of the metal is formed, and one volume of hydrogen (-hloride furnishes half a volume 
of hydrogen -the other lialf volume must be (‘hlorine. H. Davy summarized his 
conclusions from these and other experimenls : “ There may be oxygen in oxymuri- 
atic gas, but 1 can find none ” ; tfie hyiiothesis that oxymuriatic'' acid is a simple 
substance, and that muriatic acid is a compound of this substance with hydrogen, 
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explains all the facts in a simple and direct manner ; the alternative hypothesis of 
the French school rests, in the present state of our knowledge, on hypothetical 
grounds. TJie French hyjxdhesis died a lingering death. J. J. Berzelius in 1813 
tried to argue tliat the French schools were right ; he even expressed his surj»rise 
that Davy’s hy])othcsis ‘‘could ever gain credit.’’ J. J. Berzelius seems to have 
misunderstood 11. Davy’s cx])eriinentH, but he too accepted Davy's conclusions a 
few years later. Jf. Davy s theory is orthodox to-day. New fH(*ts as they arrived 
have fallen harmoniously into their places and arranged tliemselves about Davy’s 
theory as naturally as do the jjarticles of a salt in solution about the enlarging 
nucleus of a crystal. 

Iodine.- During the Napoleonic wars, nitre beds were cultivated in various 
jiarts of France, and from tliesc saltpetre was obtained artilicially. About 1811, 
Bernard Courtois, a manufacturer of saltpetre, near Paris, used an aq. extract of 
vaicc or kelj) for decom])osing the calcium nitrate from the nitre beds ; he noticed 
that the coj»]>er vats in which the lutrate was <lecomposcd were rajudly corroded by 
the liquid, and he traced the elTects to a reaction betwccji the co])per and an un- 
known suhstance in the lye obtained by extracting the varec or kelp with water. 
B, Courtois isolated this new sul)stance ami ascertained its more obvious pro])erties. 
In his j>aper entitled DecAnii'nie tCutte substance nouvcllc dans h varccky and published 
about two years after liis discovery, he said : 

The inotluu'-licpiurs of tho lyo obtained from varec contain a tc)l(>rably large quantity 
of a singular and eurions sidwlancc. It can easily bo obtained. For this ])ur[)o.so it is 
siifheh'ut to pour sulphuric acid upon tho niolliorditpiid and to heat the whc»je in a retort 
connected with a receiver. Tho new substanee which, on tho addition of tho sulphuric 
acid, is at once thrown down ns a l)la<*k powder is converted on heating into a vapour of a 
super)) \'iolt‘t colour ; this vapour cotidonHOS ill tho tube of the rc^tort and in tho reeoiver in 
tlio form of ))rilliant eiystulliiu* plates, iiaviiig a lustre cnpial to tliat of erystaJli/.ed lead 
sulphide. On washing these with a little distilled W'ater th<^ suhstam'o is obtained in 

a state of ]>urity. 'Hio wonderful colour of its va])our suflices to tlistiiiguish it from all 
other sid)Htaiic€^s known u]) to tho present time, and it has further roinarkablo [n'oporlics 
which render its discoveuy of the greatest interest. 

H. Courtois communicated tidings of this discovery to F. (Jleruent and 
.1. B. Desormes, and they |)ublivs}ied some results of their study of this new substance 
early in J)e(^ember, 1813 ; a few days later J. L. Gay Lussac, who also had received 
sonu? of B. (/ourtois’ })rcparati()n, gave a j»reliminary account of some researches 
on B. (!ourtois’ new' substaiUH^ at a meeting of rinslUut Imperial de France on 
Dec. (itii, 1813. In this communication, J. L. Gay JjUssac demonstrated vsome 
striking analogies between Courtois’ preparation and chlorine ; he made clear its 
elejucntaiy nature ; ajul designated it iode, tlio Frcmdi e.i[, of its present name-- 
froni the (treok to€/8»/v, violet. Its hydrogen compound was pinqiarcd and like- 
wise given the very name which it Jias to-day. J. L. Gay Lussac said : 

.Vflci* tluH account one can only compare iode with More, arul tlie new gaseous acid with 
muriatic <u*id, . . . 'Che pheiioiuena of which w'o iiave just spoken can all h(' CNplaiiicd 
either hy supposing that iode is an element and that it forms an aehl when it eoiuhines with 
hydrogtai, or by supposing that the latbT acid i.s a euni])ound of water with an unknown 
suhstance, and that iodc is this substance eom))iiied with oxygtm. Considering all tho 
facts rt'.coimted, tho first vit»w app<'ars more probal)l«> than l)io other, and serves at tho 
same time to give probability to that hypothe.sis according to which oxygenated muriatic 
acid is regardo<l as a siinplo ))o<ly. Adopting this hyqiothosis hydriodic aeid appears a 
suitable naine for tho Jiow a<‘id. 

On Dec. 20th, 1813, J. L. Gay Lussac read a furtlicr luonioir on the combinations of 
the new element with oxygen ; on March 21.st, 1814, J. J. Colin and H. G. de Claubry 
eonimunicated observations made in .1. Ji. Gay Lussa<rs laboratory on the action 
of iodine on organic com])ounds ; by June 4th, 1814, L. N. Vauqueliii had studied 
the action of iodine on ammonia, iron, mercury, and alcohol ; and finally, on Aug. 1st, 
1814, J. L. Gay Lussac communicated Iiis famous Memoire sur Viode,^^ In this 
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imner, said P. D. Cluittaway.^o the whole cluMuicai behaviour ol iodine i» described 
in such a masterly fashion that it remains to this day a model of what sue an 

investi^^ation ouglit to be. ^ i. . j- i i • 

11. Davy played a jiot too glorious part iu the history of iodine, and liis action 

roused the ire of if. L. Gay Lussae. Hiunpliry Davy was in Paris at the very time 
of the excitement consequent on these re})orts of the properties of B. Courtois new 
element ; H. Davy received a (jomplimentary sjxicimeii from A. M. Ampere on 
Nov. 23rd, 1813, and on Dec. 11th, 1813, details of his observations on this substance 
were also eominunicatcd by M. Ic Chevalier Cuvier to Vlnsiilui I^npcfial da Jf fctnca^ 

• 11, Davy confirmed the conclusions of J. L. Gay Lussae read at 1 Institut seven days 
])reviouHly. H. Davy sent a fuller account to the Royal Society,^® Jan. 2Uth, 1814, 
and another on June IGth, 1814, and yet a third on Ai)ril 20th, 1815. In these 
memoirs, says P. D. Chattaway, “ H. Davy did little more than make the discoveries 
of B. Courtois and J. L. Gay Lussae known in England.” In 1881, H. Ziiblin tried 
to decompose iodine, but failed. 

It must he added that in 1707, in a ])aper on hi soude dr varreh, L. C. Cadet 
spoke of a blue and gremi substance which is obtained l>y treating the aq. extract of 
varec by sul])huric or nitric acid ; and he attributed the cause of the (x)Ioration a une 
surahoridance d\inc (rrrejauue martial, E. llocfer asks : aurait-il vnlrcvu Vrjcisivncc 
dc Viodr 

Bromine. — Of the thr<‘e halogens, chlorine, brojnine, and iodine, bromine has 
tlui least eventful history. Its elemental nature and its relation to chlorine and 
iodine were recognized from the very first. While studying the mothcr-liquid 
which remains after the crystallization of salt from the water of the salt-marslies of 
3rontpcllier, A. J. Balard was attracted by tlie intense yellow coloration developed 
when chlorine water is added to the liquid. A. J. Balard digested the yellow 
liquid with ether ; decanted off the supernatant ethereal soln. ; and treated this with 
potassium hydroxide. The (iolour was destroyed . The residue resembled ])otasshim 
chloride ; but unlike the chloride, when Jieated with manganese dioxide and sulphuric 
acid it furnished red fumes which condensed to a dark brown liquid with an un- 
pleasant smell. 

A. J. Balard submitted a pli rachrir to the Acadi')nir des l^v/mwrs in 1824, ami 
published an account of his w<»rk in his Mvmoire sur une aubslancr puriwulihe 
conlvnur dam I'caii dr la in 182(). lie related that he was at lirsi inclined to 

regard the substance as a chloride of iodine, but lie tried in vain to establish the 
])resence of iodine. JIc said : 


Its refusal lu colour starch blue, and the white piHu*ipitatc winch it formed with the 
])rotoiii train of mercury and witb nitrate of Iniul assnrod nin that no iodine vva.8 contained 
ill it. On the uilit'r hand, 1 euuht not detect any indication of ilocompoHitioii when it was 
submitted successively to tlie action of the voltaic pile ami to lu^li temp. Such a 
resistance to decomposition could not fail to suggest to mo the idea that I ha<i to deal with 
a siiii[)lo body, or witJi one eojiqioi ting itself as a simple body, and imleed I was coiitirmod 
in ibis view wlieii 1 regarded the caitire Iroatinent to which I Imd subj(‘Cteil the Hiibstaiice. 
1 came, therefore, to the couehision that I had found out a new simple substanc:o closely 
resembling chlorine and iodine in its chemical ujititudijs, and forming absolutely analogous 
compounds, but showing inarked jioints of diffenuico from them both in its physical properties 
and chemical behaviour, and clearly to be distinguished from them. 

At first, A. J. Balard called this substance muride, but afterwards bromine — 
from the Greek a stench. A. J. Balard prepared liydrobromic, Jtypo- 

bromous, and bromous acids ; and lie concluded liis memoir by summing up the 
arguments in favour of the elementary nature of bromine : 

A substanoo which in the frt'c rosisls as orfectivoJy as docs liromine all attempts 

to decompose it, which is expelled ]>y chlorine from all its conijiounds possessed of exactly 
its original profjerties, which when allowed to act on compounds c^mtainiug iodine sub- 
stitutes itself in every case for the latter element to play a similar part in the new products, 
and which, in spite of some ditferences of action, is connected with both chlorine and iodine 
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by the most sustaiiiod analogies, scmjiiis to possess ilio saino right to bo coiwidered as a 
simple body. If IheHo results aro eoiiiinned by other clieinists, Ijroinine nuisi as a simple 
body rank along with chlorine and iodine, and it is manifestly between those elements that 
it must be placed. 

J. H. Joss seems to have obtained tJiis element in 1824 ; he noticed that a red 
colour was developed in preparing hydrogen chloride by heating a sample of roek 
salt with sulphuric acid, but he attributed the coloration to the presence of 
selenium in the acid employed. J. Volhard also narrates that J. von Liebig had 
bromine in hand a month before A. J. Balard, but mistook it for iodine chloride ; 

J. von Liebig related that some years before ilalard's discovery ho rocoived, fro/n a 
salt manufactory in Gortnuny -the Krciuznacher salt springs — a vesstd containing bromine, 
or at least a product very rich in bromine, with a r<;(piest to examine it. Jlelioving the 
liquid to bo iodine ehloride, he did not subject the sj)c*cim€*n to a vtuy exhaustive study. 
When lie hoard of the diHcoveiy of Balard, Liebig saw his blunder, and plaei'd the vessel in 
a spe(ual cabinet for storing mistakes — Varnioire dvs fault h. Lit*big pointed this out to his 
friends to show how easily one could get very close to a iliseoveiy of the lirst rank and yet* 
fail to grasp the facts when guided by preconceived ideas. 

In 1881, II. Ziiblin tried to decompose bromijic into simi>ler constituents, but 
failed. 
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§ 7. The Preparation of Chlorine 

Chlorine is nearly always prepared in the laboratory by the action of an oxidizing 
agent — manganese dioxide, lead dioxide, barium dioxide, j^otassium dichromate, 



26 INORGANIC AND THEORETICAL CHEMISTRY 

potassium iiormanj'auate, air, etc.— oithor din’ctly on 
directly throimli the medium of a chloride. MaiigancHe dioxide is lo o* 
agent most commonly used. Mui h chlorine is ]»rc])arcd for indust iia jmiposes ^ 
the electrolysis of sola, of sodium chloride. „ ,, 

I. The preparation of chlorine hy the action of hea.t on the chlorjdes of the 
heavy metals.— Gold and platinum (jhloridos f^i vc off cldorinc wlien beuted, bu ics 
compounds arc far too cx])en8ivc for the ])rci)uration of chlorine, cxcc])t toi very 
S))ccial ])ur|)osevS, such as V. and 0. Meyer's work ^ on the vapour density ol 
where platinous chloride, PtCIv, was used us the source of chlorine rtCJ 2 ^^ t-f t. *2- 
This salt was selected because it is easily decom]>osed- about dbO - and 
deliques(‘ent. If moisture be present, some hydrogen chloride and oxygen will be 
formed. W, Wahl (1013) used gold chloride. M. Wildermaiiii ])assed ])urilied 
chlorine through a tube of hard glass containing reduced copper ; cupric chloride, 
CuClo, is formed. I’hc chlorine was washed out of the tube by dry air; tlu; tube 
was sealed at one end; and heated liy a combustion furnace. Chlorine gas was 
evolved; 2 CuC] 2 “^^f ^IC1 -( Chi- In special cases, too, highly ])urilied fused silver 
chloride can be electrolyzed to furnish chlorine of a high degree of jiurity.- 

n. The prepaxation oS chlorine by the oxidization of hytoochlotic acid.-- 

1. Mamjanesc dioxide, — 0. W. Seheele, the discoviner of cJilorine, obtained this 

gas by warming manganese dioxide with hydrochloric 
acid: a mixture of suljfliurie acid with manganese 
dioxide and sodium chloride may alsi.) lie. us<‘d. In the 
latter case, a mixture of one part of pyrolusite- with from 
I f) to 2*0 ])arts of sodium chloride and 2*5 to 3 parts of 
cone, sulphuric, acid dil. with its own volume of water is 
madc.^ The equation representing the reaction is: 
Mu()2 + '*^NaCl 1 21LS()4 ■ MnSU4 1 2 H 2 O b Na2S04 
H 0 ) 2 . but some manganese (‘hloride, MnCL' and sodium 
bisulphate may be simultaneously formed. In Seheele’s 
])rocess, the mixture may contain one |)art pyrolusite 
with four jiarts of commercial acid, or an excess of 
coarsely crushed fragments of the ])yrolusite may be 
used ; and after tlie ^iroeess is ovi'.r, th(‘. (‘Xcess can be 
washed and used again. 3'lic end ])rothuts uf the 
reaction are iiulicated in the c<piatioii : [- 1 JU 'I 

‘- Mn(32 1 21 l 2 tbj (3,^. The manganese dioxide, or the 
mixture of nuiiiganese dioxide, and salt is [)laccd in a 
flask Ay Pig. 4, fitted with a wash-bottle, C, or other washing and scrubbing train, 
and tlui acid ]>oured into the tube fuimel, Ji, The gas cannot be coih*.cted over 
mercury because that metal is immediately attacked by chlorine forming the 
chloride. For lecture exfieriments, the gas can be collected ovt^r warm wattir, or 
water sat. with salt, or by the ujiward disjilaccment of the air. 3'he [>repara.tion 
under these conditions should bo conducted in a well-veiililatcd fume eluimlier 
since the gas is most objectionable in the atm. 

The purification o! chlorine.- - Tim gas can be washed witli W'uter in order to 
remove most of the fumes of hydrogen ehloridf3 carried over with tlie chlorine, but 
to remove the last traces of hydrogen chloride, F. Stolba recommended the intro- 
duction of a wash bottle with a soln. of eopjicr suljihate, or a tube of solid eojqier 
sulphate or bleaching powder, and then washing the gas with water. According 
to A. Miehaclis, the bleaching powder contaminates the gas wdtli hyjioclilorous acid. 
F, Mohr recommended relnoving the gas by stirubbing it in a tube ])ai‘ked with 
manganese dioxide, and H. M«)issan and A. H. du rlasscnneix kept the tube warm at 
about With the same object, W. Hampe and J[. J)itz washed the gas in a 

cone. soln. of jiotassium permanganate. To avoid contamination with carbon 
dioxide, H. 3)itz recommended washing the manganese dioxide first with nitric 
or dilute sulphuric acid and then with water to remove carbonates. F. P. Treadwell 
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and W. A. K. UhriHiit; removed ehlorim^ oxides from the liy passing it through a 
tube paeked witli asbestos, Jieated to redness. The gas can be dried by cone, 
sulphuric acid, calcium cfjloride, or phospliorus ])e)itoxide. J. A, Harker ^ still 
further purified chlorine by passing the purified gas into cold water so as to form 
the hydrate, (.^1281120, which was found to keep very well in darkness below U"". 
When the hydrate is warmed slightly, it gives off clilorinc with less tlianO*2 ])er cent, 
of impurity. H. Moissan and A. B. dii Jassonneix purified the dried gas by 
Ihjuefaction, and, after prolonged contact with calcium chloride, solidifying the 
li<piid so as to enable traces of dissolved gaseous impurities to be pumped oft. 

L. Moser recojjimonded removing air and carbon oxide by lirpiefying the gtis with 
a freezing mixture of carbon dioxide and etlnu*, and redistilling. 

The mechanism of the reaction between manganese dioxide and hydrochloric 

acid. -"-The reaction between hydrochloric acid and manganese dioxide has given 
rise to mm'h discussion. When manganese dioxide is treated with cold cone, hydro- 
cfiloric acid, a dark brown li<piid is formed, ajid chlorine is slowly evolved at ordinary 
temp., more ([uickly if the mixture be warmed, 1'hc liquid finally becomes colour- 
less aud it contains manganous cliloride, Mnf^- G. Fon^hhammer, in 1821, showed 
that if tJie freshly ])repared brown liquid be largely diluted with water, it remains 
clear for a few s(‘.conds, and then becomes turbicl owing to the formation of a brown 
pnvipitate of hydrated imuiganese dioxide. Quite a similar ])recipitate is formed 
if either tlie re<l oxidt^ of inauganose, ]Vln3()4, or the sestpiioxide of manganese, Mn203, 
b(5 treated in ])lace of the dioxide, MnOo. According to S. U. Pickering,^ however, 
the conjpositioji of the preci()itate varies wiili the conditions of the experiment 
from about ^MnOo | MnO to TMuO.^ |~MnO. Attem])ts have been made to find 
what the l)rown s(»ln. contains. Most are agreed that either manganese tricbloride, 
MnCl^, or manganese tot racldoride, is first fornu'd as an intermediate jiroduct. 

M. Herthelot^ considers it improbable that the simple manganese tetrachloride is 
ju oduced when a soln. of manganous chloride, MnCl2, iu hydrochloric acid is treated 
witli (dilorine ; rather is the first ])ro(luct an easily decom])osed ])ei;ehlorinated 
compound, Hdjj.t/MnCl^ or Mn(..l4.//HCl. The formation and decom])Ositioii of such a 
prodiU't would explain the observed plienomena. The isolation of the product of 
the reacti(m has j)rovcd very difficult because it deoojiiposes so readily. Indirect 
eviclonce has l>e<m obtained by determining the ratio of the manganese to the 
available chlorine ; but the results are nut decisive ; and hence some have considered 
tlic, tricldorid('. is forme<l ; others, the tetrachloride. G. Nanmanri ivsolated the 
double salts (NH4)2MnCl5 and K^^MnCl^, and heiK^e arginul in favour of the tri- 
ciiloritle. J. Nickles ^ treated manganese <lioxide sus])en(ied in ether, C^HjoG, 
with hydrogen chloride, and obtaiiuMl a green licpiid which clianged to a dec]) 
violet colour on adding more etlicr. Tin* green oil lias a composition corresponding 
with Mn0l4.1204Ui(,().2H2() ; hence, argue<l J. Nickles, tlic green oil contains 
manganese tetra<diloride. J. Nickles did not succeed in isolating a dolinitc ]>roduct, 
and, since he found Ids analyses vanairnl .srnf/ulihnHrvt par lent eomposiiion, 
8. U. Piekering eou.siders that it is just as likely that .MiiCl3.12(yiio0.2HCl.4H20 
might have been ])re.sent. W. B. ilolmes ^ used carbon tetrachloride in place of 
etlicr, and obtained both the tri- and tetrachlorides of manganese. He tlicreforc 
inferred that tJie reaction between hydrochloric acid and manganese dioxide 
furnishes a soln. contaiidng both chlorides: ]\[n02+4HCl==^Mn('l4-f 21120 and 
2Mn( )2-f'8H(.-l* 2MnCl3-4“ (ffi!+'lll20 ; but in rojijunciionwith E. K. Manuel, 
he gave up the tetracdiloride hy])othesis, and expr(*8sod the belief that the 
trichloride alone is formed. As an alternative hypothesis, B. Franke assumed 
that hydrochloromangaidc acid, HoMnCff^j, is formed as an intermediate prodin^t : 
MnOo fffilGl H.MnGIo F 2Jl2(.); which decomposed: H2Mn(ff6 - 2H(JH (ff2+MnCl2. 
In the presence of manganous cldoride and an excess of water still more complex 
reactions occurred, finally furnishing Mn02.H20. 

Ajiart from cffcctrolytic chlorine, l)y far the largest ])roportion of chlorine 
used in the industries is made by the oxidation of hydrochloric acid, generally 
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by jiiangancsc dioxide either u» native manganese ore, or as “ recovered man- 
gaue^ie ’’ — the so-called WMon mud. 

The process witli liydruchloric acid is conducted tia an annt^xc to the Balt-cako worka 
xne luocLSs Will y ^ hy.produet of the process^ ---othorw^se the 

n * cost of transport of liydrocliloric acid w^ould not onablo tho 

^ process to live against- conipctitivo prices. 1 iio stills loi 

lyeneraling tho chlorine are not made of load because that 
nietal is attacked too readily by tho aci<l ; vossela of stone- 
ware wore formerly uscil ; to-day tho stills aro built with flags 
of siliceous sandstone which are sometinies first boiled in tar. 
The volvit! lava from ruy-de-Domo (France) is pre^ferred oven 
to thi'' host san<ls(-one. Acid-rosistiiig bricks aro also used. 
The flags are clainj)od together by iron tio-rods, and tho 
joints olther made tight W'ith indiarubber cord, or tonguo- 
and-groov (5 joints are employed with a cement of fireclay and 
tnr. The inixturo is heat(Ml by blowing in steam. A soction 
of one type of chlorine still is illustrated in Fig. 5. 1 ho 
manganese ore rests on Mmj perforated plato ui H is a 
slonewaro steam pip*' ; the steam enters the still via li below 
the perforated false bottom ; is tho exit pipe for chlorine ; D 
is a man-holo ; E an aeirl safety fmiuel which lias various 
designs ; and F is an opening for running otf tho spent acid, it 
is closed by a wooden plug. Tho lid is of lead. Tho ex- 
luiust('d still li<(Uor eontains manganous chloride, and some 
ferric and other nietui chlorides tierived from irn}>uritii’s in 
tho mangau<‘sc^ ore. Tliore is also some free clilorino, and free hydrochloric acid— -c.#/. the 
composition of a still li([uor approximated : 
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-Chlorine Still. 


HCl 

0-7 


01 a (fUK?) 

U1 


AlOla 

0*t) 


tXla 

2*8 


MnCla 

1(1*5 


Water 

73*3 per cent. 


It will he observed that eveti lauh'r the ideally perfect conditions represented by 
the etiuation, Mn()j>-|-4IIC1— MnClo-f-i^HoO-f-Cl^, only half the chlorine -of tho 
acid cun be obtained in the free state. The liydrochloric acid <*onsuiued by tlie 
inijiurities in the manganese ore ; l)y forms of mangam*se oxides with a lower jiower 
of oxidation than the dioxide ; and the excess hydrochloric acid which escapes 
oxidation all tend to reduce tlic elhciency of the process. Various jiatents have been 
granted for utilizing the still li(pior -c.//. it has served for the manufacture of man- 
ganese carlxmate for ])urifying coal gas (R. Laming) ; for deodorizing faecal 
matters (J. Dales) ; for converting barium sul))hat«3 to the cliloride (F. Kuhlmann) ; 
for the manufacture of lirown pigments of various kinds by the prei'jpitation of 
the manganese oxide with lime (C. Crockford) ; and for the manufacture^, of })ure 
manganous chloride (K. Muspratt and B. W. Clerlaiid). Various other proposals 
for utilizing the free aead of the still li<(uor have been inadcj, and patents have heoa 
taken for recovery of manganese dioxide by precipitating manganese oxide with 
lime and subsequently oxidizing the precipitate with air. None of these processes 
can be regarded as successful ; the recovered manganese in some cases cost more 
than the original ore, or else it did not work satisfactorily. W. Weldon's improved 
process is founded on the fa(*t that tlie freshly ])recipitated manganese liydroxide 
suspended in a soln. of calcium chloride, is easily converted into the dioxide when 
an excess of lime is present. Many of the older processes recovered manganese 
dioxide by the action of a current of air upon the manganese hydroxide precipitated 
by lime, but the oxidation is so slow as to be useless in jiractice, and even then only 
about half is converted into the peroxide, for the oxidation seems to atop when the 
manganese is oxidized to the sesquioxido, MiuO;,. In Weldon’s recovery process* 
it is the excess of lime which led to commercial sneeess, for there is a coniplete 
conversion to the dioxide in h\ss than one-tenth the time i*ef[uired for maximum 
conversion when tliere is no excess of lime. W. Weldon showed that the complete 
oxidation of the precipitated manganese hydroxide can take jilace only in the 
presence of a strong base. Manganese dioxide has weakly acidic properties, and, 
in the absence of strong bases, it combines with unchanged manganese oxide, MnO, 
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to form manganese manganite, MnO.MnOg, i.e. MngOa. If lime is present, the 
formation of calcium manganite, CaO.MnOo and Ca0.2Mn02, is much faster than 
the formation of manganese manganite, and all the manganese is then converted 
to the higher oxide. , 

The application of Weldon's recovei*y process involves treating the a(*id still liquor 
with ground chalk or limestone to neutralize the Smo acid and precipitate the oxides of 
iron. Tho clarified liquid is run into a tall cylindrical vessel, where it is mixed with milk 
of lime in suiheient quantity to precipitate all the manganese as manganese hydroxide, 
Mn(OH) 2 . The reaction is symbolized; MnClg-f Oa(()il ) 3 -~Arn(OH )^4-(^aCla* An 
additional amount of lime- — from one-fifth to one-third the quantity previously employed — 
is introduced ; the liquid is warmed to about r>rr' or hh"" by blowing in steam ; and air 
from a compressor is driven through tho liqtiid for about 2j[ hours. The manganese is 
converted into the dioxide, nn<l the <3ontents of tho vessel run into a vat, where the manganese 
dioxide is precipitated os calcium manganit-e, (-aO.ArnOa. The reaction is symbolized ; 
2 Mn(OH) 24 ' 2 Ca(OH )2 i Oa - 2 (Mn 02 .Ca 0 ) f 4H3(>. Mon» still liquor is added and the 
blowing continued whereby CaO.MnOg is converted into Ca().2AIn()2. The reaction is 
represented ; 2MnOa.CaO 4* 2CaO +■ 2MnCl2 f Oj — 2(Ca0,2Mn02) 4 C^aClj. The sluriy is 
run into settlers, whei'o tho manganite deposits as a thin mud — W^^ldon mud. Tho clear 
liquid — largely calcium chloride- — is run to waste ; no use has been found for but a very 
limited quantity of this by-product. Tho mud is pumped into special chlorine stills where 
it is mixed with hydrochloric acjid. The mixture is warmed by blowing in steam. After tho 
chloiine has ceased to be evolved, the residual liquid is treated as before. The circulation 
or transport of the liquids and slimes is effected wholly hy pumping machinery ; the time 
required for completing one cycle is comparatively short ; and the plant is simple and 
inexpensive. These advantages secured an unproceclontod surrosfi for this process of 
manufacturing chlorine.^* 


The theory of the process is incomplete, hut that outlined above, based on the 
acidic qualities of manganese dioxide, is due to W. Weldon. It will be observed 
that Weldon’s mud has a composition approxi- 
mating to Ca 0 . 2 Mn(b 2 , and, in the chlorine still, 
this reacts : CaO. 2 Mn() 2 + 10 HCl=-(;aCl 2 l- 2 MnCl 2 
H- 2 Cl 2 -f i3H20 ; if manganese sesquioxidc were 
used : Muj^Os+BHCl — 2MnCl2+3H20+Cl2* 
consumption of acid per unit of chlorine, as well 
as the reduction in the time required for the oxida- 
tion is therefore in favour of Weldon’s process. 

It is, however, a blemish that it produces less 
chlorine j)or unit of acid tlian native manganese 
ore of good quality ; and, as W. Weldon himself 
has said, it is a barbarous process that yields only 
one- third of tho total chlorine of the acid treatecl, 
and thattbe otlier two-thirds are wasted ascalcium 
chloride. 

2 . T/^e oxidation of htjdrochloric acid hy fotas- 
slum, permanganate, H. B. Coiidy obtained a 
provisional patent for the preparation of chlorine 
by heating a mixture of sodium chloride, sodium 
permanganate, and sul})huric acid. Tlie process was to bo used when a fairly pure 
product was required for manufacturing })UTposes. C. M. T. du Motay developed 
a process in which hydrochloric acid is passed over a heated mixture of lime and 
potassium xjermanganate. This salt is a very convenient oxidizing agent for preparing 
chlorine on a small scale, at ordinary temp. A flask containing some crystals of 
potassium permanganate* say 10 gnus.— is fitted as indicated in Fig. 4 and 
connected witli a wash-bottle containing cone, sulphuric acid. Dilute liydro- 
cliloric acid — GO to G5 c.c. of acid of sp. gr. 1T7 - is run, drop by drop, from a tap 
funnel, when chlorine is evolved by the reaction : 2 KlVln 044 -lGHCl~> 8 Tr 20 4 ^IvCI 
+ 2 MnCl 2 +b(fl 2 - »T* Bfiwis and E. Wedekind’s apparatus is illustrated in Fig. C. 

The apparatus. Fig. 0, is intended to ftimish a regular supply of gns under control. 
The permanganate is placed in the ttask A furnished with a stopjiered funnel from which 
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the supply of acid is roj’ulatod. The gaa passes Ihroiigh the exit tube B, when' it is to be 
used, and any excess escapes viA V, D to the outside air. Th<' bottle K contains water or 
sulphuric acid, and it atds as a safety t'lbo. If the ])ipt‘tte V be lifted above the surface of 
the liquid in K, the gas will e-soape through P and O into lbi‘ outside air. When the supply 
of acid is cut off, the evolution of gas <'eoses wbeti all the acitl i.s used up. 


According to A.S(‘ott,f® potassium permanganate is veryliable to be contaminated 
with chlorates which introdu(;e chlorine oxides into tlie gas. The only safe test for 
these imparities is to absorb the gas in a neutral soln, of potassium iodide, and just 
decolorize the soln. with sodium thiosiiljthate. If the addition of pure dilute 
hydrochloric acid docs not restore the blue colour, the absence of clilorinc oxides 
may be inferred : SChO-j-TKI f KIOa+fJKOl. and ()(!10.2 flOKl .- SIa (-4KK);, 
d-fiKCl. The hydrochloric, acid dcstrovs the iodato : KIO^ |-()irGl-f-bKl ““OKGl 

+3H2O+3T2. 

3. The oridalinn of hydror.hloric ncid hy eJdoraleft.- — L. von Pebal (187^) and 
G. Schachcrl (187(5) have invcstigalcd the prc]»aration of chlorine by the action of 
potassium or sodium chlorate on hot cone, hydrochloric acid. If tlie temp, is low, 
the gas will be contaminated with clilorinc oxides and oxygen. The reaction is 
somewhat com])lex.’8 The two main reactions are : HC'lOa') riHCI-»3Cl.,+3IL>0 ; 
andSHfllO.fj-l ■2HCl"->2Cl02-t-('l2 't“2}l2^b F. A. Gooch and]). A. Krcider rccoinme.ud 
washing the gas in a warm soln. of manganous chloride in cone, hydrochloric acid, 
or better, by passing the gas through a heated tube packi'd with asbestos. This 
process offers no advantages over other jiroce.sses ; it is far les.s convenient ; and 
there is a risk of explosions. 

4. The oxidation of hydroehlorie acid hy vitrie. arid.- ('. Watt and T. R. Tebntt 

proposed to make chlorine by heating lead chloride with nitric, acid, but the i.atent 
was of no technical imf.ortanci'. (1. Dnnlo)) heated a mi.xture of sodium nitrate 
and chloride with suliihuru; acid, and passed the mi.xture of chlorine and nitrous 
ga.ses through cone. 8ul|)huric acid ■ -the chlorine passes on, the nitrous ga.ses arc 
retained by the sulphuric acid. This jiroccss was in use at St. Rollox for some years 
where the chlorine was used for making bleaching powder, the bv-]irodiict of nitrous 
vitriol was utilized in the sulphurie acid proee.ss. if. Goldschmidt sujiposed that 
the reactions furiiishod nitric and hydrochloric acids aipia regia, in fact— which 
decomjioscd into nitrosyl chloride and chlorine: [ UNO.,-- 2JI.,0 | NO('l f CL, • 

and in contact witli w,atcr or sul])huric ai-id. NOCI 1 ILO - J 1 N 62 *| IE'L These 
reactions are l>ut approximations to the far more complex changes which aotually 
occur. G. buiigo rc[, resents the reaction: 3Na(!l ( NuNO.) | -IJLSO^ =N()('l | CU 
-I- 2 H 2 O |- 4 NaHS 04 . which corresponds with those of Jl’. Gold.scinnidt Many 
other modifications iiave been proiioscd.s' In T. Schlosing's iirocess, a mixture of 
nitric and hydrochloric acid reacts with manganese dioxide, clilorinc is evolved and 
manpnose nitrate is formed: Mn()2+2nN()3 | 2H(U->2Jl,0 1 Cl,. | Mn(N().,)., 

1 he latter when dried and calcined furnishes manganese dioxide^, MiiOl and nitrous 
fumes, AIp(N03)2-»Mn()2-t-N204, which can be converted into nitric "acid; 2N..() 
+02+2IL() -AHNOs. There is a loss of ulxmt lo jier cent, of tlie nitric, acid in the 
working of the ]iroces8. 'J’his jirocess is a variant, of a |>atent by F. A. Gattv in 18,'-)7 

f). The oxidation of hydrochloric acid hy chromates or dirliromatcs'- ln 
A. MaeDougal and H. Rawson iiatented the manufacture of chlorine by heating 
chromates or dir-hromates preferably those of calcium- with hydrochloric acid^ 
dire^ctly or indirectly. The process with ]u)tassium diidironiatc was recommended 
by pj, M. JVJigot, J. (t. («ontelo, and J[. K. Kosc-op for pn'.pai'in^ a fairly oiiro * 
K2Cr3()7+14HCi=.2CrCl3i-2KClf7H20-f3(!l2. t iiij pnic ^as . 

6. The. oxidation of hydrochloric acid hy hleachiny /WMv/cr.-- (!hlorine can be made 
by the action of nn ox<-prs of hydrochloric acid on an alkaline hviiochlorite or 
bleaching imwder. The process was suggested by M. Boissenot in 184'.), and later 
rcoomiuended by A. Aferniet and If. Kiimnicrer. According to (I Winkler tlie 
bleaching powder may be conii)rPs.sod into eiibes with suitable binding agent- say 
plaster of Paris. The gas comes off at ordinary temp., and the cubes used in Kipp's 



THE HALOGENS 


31 


apparatus with hydrochloric acid of sp. gr. 1*124 dil. with its own volume of water 
— but no sulphuric acid. According to J. Thiele, no binding agent is neces 8 ar 5 ^ 

7. The catalytic oxidation of hydrochloric) acid by atmospheric air—-R, Oxland,^^ 
in 1845, pjxtcntcd a process for making chlorine ])y ]>assing a mixture of hydrogen 
chloride and air through re<l-}iot pumice and washing out the undeconiposed gas by 
water. I'en years later, II. Vogel pro})osod to prc]>are chlorine by heating cupric 
chloride to dull redness, about whereby cuprous chloride is formed : 2CuClo 

=2CuCl+Cl2. The cuprous chloride was then mixed with hydrochloric acid and 
oxidized by air when he supposed cupric oxychloride, CuCI2.2CuO.3H2O, was 
first formed, and then cupric chloride itself, so that the end-product of the reaction 
is regenerated cupric chloride : 4CuCl-l 4HCl4*02"-^^^^^f'^2+2Il20. Stripped from 
the accessory reaction, it will be observed that fundamentally the reaction may be 
symbolized : IHCl j-Oo -2CI2 j 2H2f >. In practice on a large scale only one-third 
of th(‘ chlorine of cupri(5 chloride was oi)taiued ; the cuj)j>cr chlorides quickly 
corrode stoneware, firebricks, etc. ; the manit)ulation is dangerous to health ; and 
the cost is higli owing to the loss of copper. 

V^arious modifications were proposed by C. I\ P. Laurent, F. M. A. de Tregomain, 
and J. T, A. Mallet, but none were succc.Hsful until 18G8, when H. W. Deacon 
arranged the reactions so that the process is continuous. In the early process the 
yield was rather small, })iit Tt. flasenclever-*^ obtained better results, introducing the 
hydroc.lilori(; acid in a continuous stream into hot sul])huric acid contained in a 
series of stoneware vessels, and driving out the liydrochloric acid by a stream of 
air. Although this added to the cost of the o])eration, since the sul])huric acid had 
to be cone, again, the process worked more regularly, and the purification of the 
hydrochloric acid effected hy this trefitinent lias added much to the siu^cessful 
working of Deacon's process. It was also found that with impure gases containing 
sul])liur oxides, arsenic oxide, carbon dioxide, etc., the activity of the catalytic 
eojiper is rajiidly destroyed. 

11. W. Deacon showed tliat tlie oxidation of hydrogen in hydrogen chloride can 
bo <dfe.cted l)y atm. oxygen, by passing the mixed gases through a tube at a high 
t(‘mp. The action takes jilace below 400^ in the presence of pumice-stone sat. with 
cuprous chloride— (hiCl. The result of the reaction is represented by the equation ; 
41I(U-t’02H-(hiClr:::2H20-| 2(1o+0u0l. The cuprous chloride remaining at the end 
of i ho reaction has th<^ same conqiosition as at th(‘ beginning. It is 8U])posed tliat the 
first action results in the formation of a cop])er oxychloride : 40uCl-l ()2“-2Cu200l2 ; 
followed by: 2Cu0l2'hH2D ; and finally by : 2(hiCl2^-2CiiCl j-do. 

Several other guessiss have been made on the nature of the cyclic reactions 
be‘twceii the catalytic agent and the reacting gases. Iron, nickel, cerium, and 
other chlorides can be usetl in pla<*e of (‘opper cliloride. H, Ditz and B. M. 
Margosches-^ have patented the use of the chlorid(‘s of the rare eartlis which 
occur as a by-])roduct in th<* manufacture of thoria for gas mantles. The 
chlorine is necessarily contaminated with undoconqiosed hydrogen chloride, 
utmos[)hcri(*. nitrogim, atmospheric o.xvgen, and steam. The steam and hydrogen 
chloride can be removed by washing, etc. The elilorine so prepared is used in the 
manufacture of bleaching powder, wdicre the jiresenco of the impurities does no 
particular harm. 

I'ho iviV'tion ran bo illustraiiMl by the ap])aratiis .shown in Fig. 7. Air is forood from a 
gas holdtr through a wash-bottle oontaining hydrochloric arid, an<l tlion through a hot 
porrolain tube' containing ])uinir<»-stone impregnaU'd wit)i a soln. of cupric chloride and 
dried. I’he ohloriiK' gas ohtniiHMl at the exit can be eoUected in the itsual manner, ft is, 
of course, mixed with the exec'ss of air, nitrogen, etc. 

In the reaction: 41101 ]-02^20l2H-21l2(), for equilibrium, |H./)p.rGl2l“ 
“/v'[H01|^.[02|, where K' is the equilibrium constant, and the symbols in braf^kets 
represent the concentrations of the reacting substances ; if ])artial ])ress. be used Pi for 
the hydrogeit chloride ; Po for the oxygen ; p] for the chlorine ; and p^ for steam, the 
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equilibrium conditions are where A'" is constant, and if K 

The latter represents the equilibrium condition corresponding 

with the decomposition of one mol. of hydrogen <diloride. Observations showed 
that a mixture containing ^2*7 mol. of oxygen and 100 moL of hydrogen chlondc 
at 352^, reacts until 8G’9r) per cent, of the hydrogen chloride is deconijiosed when 
the system is in equilibrium. Consequently, the equilibrium mixture at 352 
contains 100— 86 0r)--=13 ()r) mol. of hydrogen chloride ; ^ of 86*95— 43-47 mol. of 
steam ; and 92*7 --J of 86*95 or 71*0 mol. of oxygen. The total j>ress. of the gases 
was vertically one atm. and t.hcrcfore the partial press, of the gases must be pro- 
portional to these figures, and ilieir sum must be unity, or the })artial press, are : 
HCl, 0*0763; (JU, ()-2542 ; H/), 0-2542 ; and O 2 , 0*4152. From the mass law, 
therefore 

„ Pi'Po* r- ■v/0'2WiixV<V2r'42 

A r ; or, A V V 

0*0763 X'^/0'4152 

or, A -l-ir) at 35*2*^. The heat evolved during the reaction HCl-f IO 2 — H 2 O 
d-Cl-h6*9 Cals. G. N, Lewis, assuming that the sp. bt. of the four gases do not 



Fi( 3. 7.— -Illustration of Doaron’s Pro<?oss for Chlorine. 


vary appreciably for temp, ranging between 300'^-IOr)'’, regarded ilm heat of the 
reaction to be independent of the temp, and van’t HofT's ccpuiiion showing the 
influence of on tlio reaction, is then represented by log K QIItT-\-(y , 

where is a constant, B 1*985, these and --4'6*»h Substituting these values 
of Q and A, and passing from natural to common logaritlinis by dividing by 2*3, 
there follikvs : logio L509/Pd- f \ where C is a constant. Substituting the 
observed values of K and T, and log^o 4*15 -1509/629 -j-C, or Ci-V78, Hence, as a 
first approximation, the expression log , 0 ^-^15097“^— 1*78 enables corresponding 
values of K and T to be computed at 386'\ A-"^2*94 (observed) and K ^-3 02 (calcu- 
lated) ; at 419 ^, A “-2*40 (obs.), 2*35 (calc.). At 25^' the computed value of K is 1800. 
If allowance be made for the variation of the heat of the reaction Q with temp., 
K. V. vonFalckenstein obtains, as a second a])proximatioij,log K 1437*5P~i - 0*534 
log T^0*0(;021425r4 1 -7075 X ](.)““8PM-0*074. W. J). lYoadwcll used the expression 
log A"^^— 603ir--i -6*972 over the range .'ICKJ^'to LSOO'', and the formula is approxi- 
mately correct down to rooni tomj). The value of at 352"' is 2 68 ; at 600‘\ 
--0*06 ; and at 1984", --4*30. 

Tlie reaction never runs com])]otoly to an end, but rather approaches a state of 
equilibrium :.41TC1 which (ixes a definite limit to the yield of 

chlorine which can be obtained at ajiy particular f-omperature arul concentration of 
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the reacting gases. The most favourable practical conditions were worked out 
by G. Lunge and B. Marmier.^i In the reaction : 4HC1 -f-02“>2Cl2+2H20, 27 0 Cals. , 
both chlorine and oxygen are competing for the hydrogen; at 577"" both appear 
equally strong, for the hydrogen is distributed equally between the chlorine and 
oxygen. At higher temp, the chlorine is stronger than oxygen, because less free 
chlorine is obtained than at lower temp., when the affinity of oxygen for the hydrogen 
is the stronger. In consequence, a greater yield of free chlorine is obtained at 
temp, lower than 577^^. This agrees with the effect of temp, on chemical reactions 
deduced thermodynamically. Since the reaction is exothermal, the lowering of 
the temp, favours the formation of chlorine. The temp., however, cannot be 
reduced indefinitely because the reaction would then become inconveniently slovs 
even in the presence of the catalytic agent — cuprous chloride. The^ catalytic 
agent begins to volatilize at temp, even below 430*^. According to K. V. von 
Ealekenstein, the best yield is obtained with a mixture of 40 per cent. HCl and 
60 per cent, air, when about 70 per cent, of the hydrogen chloride can be oxidized 
to chlorine. In accord with the rule that an increase of pressure favours the system 
with the smaller volume, and remembering that over lOO'^, the system 4 HCI+O 2 
occupies five volumes when the system 21120+012 occupies three volumes, it follows 
that an increase of press, should favour the oxidation of hydrogen chloride and 
augment the yield of chlorine. P. Quincke 32 recommended using oxygen in place 
of air. This raises the partial press, of the oxygen, and induces a more complete 
oxidation of the hydrogen chloride to chlorine. 

In practice, the mixture of air and hydrogen cViloride from the salt-cako gases is driven 
through cooling ijipos and scrubbers to remove moisture, and dried in a smphuric acid 
tower. There are two sets of cylinders hoatod to about 450^ by waste heat. Thecyhndom 
contain broken bricks dipped in a soln. of cupric chloride. The cylinders are recharged 
about once a fortnight. J'ho exit gases containing .5 to 10 per cent, of chlonr^ are 
in a suljihurie acid tower and used fur making bleaching powder. About two-thirds of the 
hydrogen chloriclo is (joiiveried into chlorine, 

in. The preparation of chlorine by the oxidation of the metal chlorides. 

Chlorine can be obtained by the action of oxygen or sulphur upon certain chlorides. 
The electrical energy required for the electrolysis of the fused chlorides is nearly 
proj)ortional to their heats of formation — 


2NaCl CaOIa MgCia 

Heats of formation .... 195*4 1C9*8 Cals. 

In the idealized reactions 2 MCI+O--M 2 O+CL 2 , where M represents a univalent 
or an eq. bivalent element, energy respectively eq. to 151 0, 39*0, and 7*0 Cals, per 
mol. of chlorine is needed. Hence, the manufacture of chlorine by the calcination 
of magnesium chloride in a current of air appears far more feasible than the treat- 
ment of sodium chloride, because the latter requires the expenditure of o^j3V twenty 
times more thermal energy per mol. of chlorine. None the less, patents for the 
treatment of all these chlorides, and others, have been taken. Thus, W. Longmaid 33 
])ropo8es to obtain chlorine by calcining the chlorides of manganese, copper, h*on. 
zinc, or lead with an excess of air. J. Hargreaves and T . Robinson used a mixture 01 
ferric chloride or chlorine oxide and salt ; W. Weldon, a mixture of ferrous sulphate 
and salt ; and A. K. Arrott, a mixture of ferrous phosphate and salt. In general, 
the expulsion of the chlorine may also be facilitated by mixing the sodium chloride 
with a sulphide, sulphate, silica, boric oxide, stannic oxide, phosphoric oxide, 
alumina, clay, etc., or a mixture of air with sulphur oxide can be used.3^ Similar 
remarks apply to calcium chloride. The enormous quantities of calcium chloride 
produced in the ammonia-soda process has attracted inventors who have made 
very persistent efforts to separate the chlorine by a cheap process. Thus, E. Solvay 35 
; had a series of about twenty patents between 1877 and 1888 directed to the der 
composition of the chloride by heating a ffiixture with sand or clay in a stream of 
1 VOL. II. 



34 INOKaANlC AND TIlEORTilTKWL CHEMISTRY 

air. ¥. Hurtur lias shown that the great amount of thermal energy required for 
the dccomj)Osition of sodium and calcium chlorides by chemical process mal^s it 
probable that it would be really cheaper to decompose these chlorides by sulphuric 
acid than by Solvay's process. In an attempt to recover the chlorine froni tlie still- 
liquor in the manufacture of chlorine from manganese dioxide and hydrochloric acid, 
AV. Weldon 36 mixed the acid liquid with magnesite and heated the dried residue ; 
although the process was not successful industrially, lu; got the idea 37 that chlorine 
could be obtained from hydrochloric acid by converting the latter into magnesium 
chloride : MgO+2HCl-=MgC!K>+Ho() ; and then heating the magnesium chloride 
in a stream of air : 2Mg01o+()o -2Mg() \ 2i%. The reaction between oxygen and 
magnesium chloride is reversible, 36 and measurements of the equilibrium conditions 
wlien the different reacting members are heated in a closed tube shows that the 
equilibrium constant K agrees best with the assuiu])t ion that the reaction proceeds : 
2MgCl2 hOa-:2MgO f2Cl2, and accordingly ' 2: 'vhen denotes the con- 
centration (partial press.) of the chlorine, and (-o that of the oxygen. The olisei'ved 
values of K were 0 0324 at 58G^ ; and 0*0625 at ()75 \ Jf water vapour be present, 
equilibrium is established between 350"’ and 505'' through the n?Iation : Mg('l2 ^ H2O 
=MgC1.0H+HCI ; and above 510"", equilibrium is established througfi the relation : 
H20+MgCl2— Mg()+2HC1. Between 505^" and 510^ the oxycihloricb^ .\lg(3.0H is 
decorn])osed : MgCl.OH -HCl-f-MgO. 

Technical details of W, Weldon's process were developed in (‘onj unction with 
A. R. Pechiney, and the process — called the Weldon-Pechiney process — was worked 
in a continuous cycle of operations : (i) dissolving the maguesi.a in hydroc’liloric 
acid ; (ii) mixing the rnagnesium (‘Jiloride with a fresli supply of magnesia so as to 
form magnesium oxy(‘Jilori(le, and evaponating to dryness ; (iii) breaking, crushing, 
and sifting the wagnesiiitn oxychloride ; (iv) heating the magnesium oxychloride 
to a high fcciup. wiieii any water j)n*.sent is converted into liydro(‘.hloric acid, and the 
remaining chlorine is given off* in a free state ; (v) con verting the rtisulting magnesia 
back to the oxychloride and so on in a continuous cycle of o])erations. Broliably the 
magnesia acts as a catalytic agent — like coj)]>er oxide in .Deacon's process- -and, 
in the furnace, converts ])arts of the hydrogen chloride into chlorine and water. 
The process was used for a time at 8aiindres (France), where the mother-liquors 
from the <ivaporation of sea-water for salt were treat ( mI. 

Many modifications have been patented. L. Mond 30 tried to recover tlie oldorine 
from the waste li<|uors of the amitionia-soda procjess. In Mond’s chlorine process 
the ammoiiium chloride vapour is led over nickel or other metal oxide at about dOC, 
the chlorine is retained : NiU-j-2NH2-f 2HCI— -NiCU 1 H20+2N‘H3, the ammonia 
passes on. The atrmionia gas is then washed out of the apparatus by aspirating an 
inert gas -producer or Hue gas - th cough the system. If dry air be then led over 
the nickel chloride at 500°, chlorine is given off: ]SriCl2 1* O2 --NiO-lCL ; and if 
steam bo used, hydrogen chloride is formed : NiCl2+ll20"-NiO+2H(,U. L. Mond, 
however, ^returned to the use of magnesia in which magnesium oxychloride was 
produced in place of nickel chloride ; and the oxychloride was decomposed by 
heating in dry air at 800° : 2Mg20Cl2-f ()o--^4MgO+2Cl2- The Solvay Process Co. 
heated mi.xture of alkali chloride and ferric sulphate in the presence of oxygen. 

IV. Electrolytic processes for chlorine and alkaline hydroxides.- In the elec- 
trolysis of ccmc. hydro(diloric acid, with carbon or filatinum electrodes, chlorine is 
evolved at the anode, hydrogen at the cathode. When the cone, acid, dil. with 
eight volumes of water, is electrolyzed, some oxygen is evolved along with the 
chlorine ; with nine volumes of water, still more oxygen is evolved. The more dil. 
the acid, the greater the amount of oxygen, until, with water acidified with a few 
drops of acid, no chlorine, but oxygen alone is obtained at the anode. ^3 relation 
between the yields of chlorine and of oxygen with acids of different concentrations 
is shown in Fig. 8; with SW-HCI, the amount of oxygen obtained was scarcely 
appreciable. The less the current density the greater the yield of oxygen with 
soln. more dil. than yqA’-HCI; and with more cone, acids, the converse is true. 
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Other products besides chlorine, hydrogen, and oxygen are obtained. For exami>le, 
some hypochlorous acid could always be detected in the anode gas obtained in the 
electrolysis of the more dil. acid ; chloric acid accompanied by hydrogen peroxide 
in small quantities was formed with acids between normal and ; and perchloric 
acid is formed when the more dil. acid is electrolyzed. 

If an aq. soln. of potassiuju or sodium chloride be electrolyzed, chlorine (anion) 
appears at the anode, and the metal (cation) at the cathode. In the case of sodium 
chloride, the primary separation is symbolized: NaCl^Na-f 01— 96'4 Cals. The 
metal then reacts with the water, liberating 
hydrogen and forming sodium hydroxide : 2Na 
+2HoO-=2NaOH-Ml2+86-8 Cals. The ther- 
mal energy required to decompose one mol. of 
sodium chloride and produce a mol. of sodium 
hydroxide, and a gram-atom each of hydrogen 
and chlorine is — 90*4:+ of 80*8 — — 53*0 Cals. 

The net result of the electrolysis is accord- 
ingly symbolized: NaCl +H 2 O— JCI 2 + 2 H 2 
+NaOH— 53*0 Cals. Here, 53,000 cals, of 
thermal energy are eq. to 53,0(X)+0*24: 

--220,800 joules of electrical energy ])er gram 
eq. ; and since 90,540 coulombs will liberate a 
gram-eq. of sodium and of chlorine ; and elec- 
trical energy in joules is equal to the product of tlie capacity factor in coulombs and 
intensity factor in volts, 220, 800-.^90, 540—2*3 volts are needed to liberate; a gram-eq. 
of sodium and chlorine, on the assumption that the electrical energy is eq. to the 
thermal value of the reaction. In practice a greater voltage is needed : this is in 
part elue to the expenditure of energy in overcoming the resistance of the electrolyte. 

The probability of manufacturing x)roducts by the electrolysis of fused salts 
was foreseen by M. Faraday in 1834 before the development of the dynamo, 
which re])laecd the voltaic battery as a source of electricity on a manufacturing scale. 

Th(j ca];ability of dt5(;ornposing fused chlorides, iodides and other compounds and the 
opportunity of collecting certain of tho products without any loss by the use of simple 
a))paratus, render it probable that the voltaic battery may boeoine a useful and even manu- 
facturing instruim^nt. 



Fiu. 8. — Relation between tho Yields 
of Chlorine and Oxygen with Hydro- 
ehloiic Acid of JDift'erent .Concentra- 
tions. 


The hydrogen gas produced during the electrolysis appears at the cathode and 
chlorine at the anode. In practice it is found tliat 
in the electrolysis of the alkali chlorides, the two 
electrodes must be separated to prevent the sodium 
hydroxide formed at the cathode mixing with the 
chlorine discharged at the anode. There are three 
main types with many differences in detail. 

(1) Solid diaphragm process. — A porous 

diaphragm —Portland cement, earthenware, as- 
bestos, limestone, etc. This permits electrolytic 
conduction, and greatly retards the mixing of 
the soln. The Griesheim is a rectangular 

steam- jacketed iron box which contains about six 
cement cases, the walls of which act as diaphragn^s. 

Each cement box is provided with an anode made 
of magnetite, and a lid and exit pipe for the chlo- 
rine. The iron box forms the cathode. 

(2) Bell process. “The anode is enclosed in an 
inverted non-conducting bell with a cathode out- 
side.44 E. A. le Sueur's cell is illustrated diagrammatically in Fig. 
current flows from anode to cathode. 



C&chode 


Fig. 


9. — K. A. lo 8ueur’s Boll 
(Diagrammatic). 


Cell 


9. The electric 
Chlorine gas passes out of the bell, and the 
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alkali hydroxide forms about the cathode in the compartment outside the bell. The 
diaphragm is made of asbestos covered with iron gauze which also fornw the 
cathode. Fresh brine flows into the anode compartment through a hole in the 
lid, and the alkali hydroxide runs from the exit pipe of the outer cell. The elec- 
trolyte is always moving from within outwards. 

(3) Mercury cathode process. — The sodium is dissolved by the mercury to 
form an amalgam. The amalgam is removed from the cell and treated with water, 
when sodium hydroxide and mercury are obtained. The mercury is returned to 
the cell to be used over and over again. In E, Solvay’s cdl (1898),^® the mercury 
is circulated through the cell by gravity whence it flows into a separated trough, 
where it is decomposed by a counter stream of water. The alkaline liquors are 
drawn off, and the regenerated mercury returns to the cell. The mercury is cir- 
culated by an Archimedean screw. In H. Y. Castner’s process (1893),4« illustrated 
in Fig. 10, the reaction between the water and the mercury amalgam takes place 
in the cell itself. The cell is nearly obsolete, but it illustrates the principle very well. 


Each cell has three compartments. The two outer compartments are fitted with 
graphite anodes (•+•) ; and the middle compartment is fitted with an iron grid ( --) to servo 

an cathode. The noii-porous partitions do not 


a 


Solution 
soaiu(H V 


IVjitfroreiifute reach (piite to the bottom of the cell but dip 

\9odtum hydroxide. layer of mercury covering the bottom. 

^ Ch/orine\ Ct. — ^ ^ soln. of alkali cliloride flows through thc^ 

\ j., outer ceils, and wattu' through the inner 

. compartment. The brine in the outer com- 
soaiu'ni^ xsodlom partment is decomposed by the electric current 

into chlorine at the anode and sodium at 
cathode. The latter dissolves in the rner- 
I at the cathode, and the ehloriiio at 

A^V**^*^*********y* anodes escapes vid the exit pijies. 'I'ho 
V2/ ^ sodium amalgam diffuses in to the inner chamber, 

there, coming into contaiit with th<3 water, 
is immediately decomposed into sodium hy- 
Fio. Y. Castner’s Hocking Ceil. droxido and mercury. 'Vhe hydrogcHi escapes 

*’ through the loost»ly iitiing cover. The sodium 

hydroxide is run into a special tank as I'equired, A slow rocking motion is imparted 
to the cell during the electrolysis, by an eccentric wheel, so as to make the mercury flow 
from one compartment to the other along the bottom of the cell. 


Solution 

^sodium 

chloride 

^'Mercury 

ama/gam 


Fio. 10.- -Ji. Y. Castner’s Hocking Ceil. 


In C. E. Acker process (1898), now abandon(3d,^'7 sodium chloride was electro- 
lyzed in a cell in which molten lead was used as catho<le, and a carbon rod as 
anode. During the electrolysis, the molten lead dissolved the sodium forming an 
alloy ; the chlorine was drawn off from the anodes. The alloy of lead and sodium 
was decomposed by steam to form hydrogen and sodium hydroxide. 
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§ 8. The Preparation ot Bromine ^ 

Bromine is not ii.sually ])rcpared in the laboratory, but if desired it ran be 
liberated from potassium bromide by ])rocesses analogous with those eiu))loyed 

with sodium chloride, namely, the action 
of heat OH a mixture of manganese 
dioxide, potassium bromide, and sul- 
phuric acid. Unlike chlorine, the ])ro- 
inine evolved readily condenses to a 
liquid at ordinary temp, so that in place 
of a tlask, a tubulated retort is eni])loyed 
as illustrated in Fig. 11 . In all technical 
processes the bromine is liberated from 
its compounds by tJie action of chlorine, 
for if chlorine be passed into a liquid 
containing a bromide until the yellow 
or reddish colour no longer increases 
in intensity, the chlorine will have dis-* 
placed all the bromine; MgBr2“fCl2 
— MgCl2+Br2. If an excess of chlorine 

1 T A r o I 1, , . . bromine chloride will be 

let . n . J. aJard s historic proems, the liquid was shaken up with ether — 

or sotae other suitable solvent, say, chloroform - in a separating funnel; under 

the lighter 

ayer. t^^l^iwcraq.layeriarunolf, and an aq.soln. of potassium hydroxide 
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is added to the reddish-brown ethereal layer, the bromine forms a mixture of potas- 
sium bromide and bromate. The soln. is evaporated to dryness and treated with 
manganese dioxide and sulphuric acid. This process is too costly on a large scale. 

Bromine was formerly obtained from the mother liquid remaining after the 
separation of sodium chloride from sea-water, a certain proportion of bromine 
was also extracted from the lixivium of the ash of seaweed, but the proportion in 
seaweed is small -about one-tenth that of the iodine. The manufacture of bromine 
from the brine springs of America was commenced at Freeport in 1 846 by D. D. Alter ; 
and the manufacture from the saline waters about Stassfurt ^ was commenced in 


(Jermany in 1865. The discovery that bromine could be profitably extracted from 
the Stassfurt salts reduced the price of that element from about 38^. Od, to l^. 3d, 
per lb. 

About 1837, F. Mohr ^ separated the bromine in the mother liquids of salt springs 
by treating them with pyrohisite and sulphuric or hydrochloric acid. He showed 
that at least 5 per cent, of acid must be present or an appreciable amount of bromine 
will not be formed. The raw material now employed is carnallite, which contains 
from 0*25 to 0*42 per cent, of bromine. The mother liquid remaining after the 
se[)aration of the potassium chloride 


from carnallite contains from about 
015 to about 0*25 per cent, of bromine 
in the form of bromocarnallito. In 
A, Frank's first process tlie bromine 
was obtained by mixing the mother 
liquid with sulphuric acid and man- 
ganese dioxide, and heating the mixture 
by blowing in steam. The mixture of 
steam, bromine, and chlorine was cooled 
in a spiral tube. The condensate 
separated into two layers, a heavy 
layer of bromine contaminated with 
chlorine, and a lighter aq. soln. of chlo- 
rine and bromine. The latter was 
added to the next charge in the still, 
tlie former was reserved for purifica- 
tion. The fumes from, the condenser 
were passed through a tower packed 
with iron turnings wljicli arrested the 



Kic, 12. — Recovi'jy of Rrornino from Carnallite 
Mothor-licjuors. 


chlorine and bromine. It was found 


that a considerable loss of time, and of chlorine and bromine were involved in 
])eriodically emptying and charging the still. Continuous processes were therefore 
devised by R. Wiinscho and R. Sauerbrey,^ and K. Kubierschky. 


Tho pritieiples of tlio contiriuous systom aro as follows ; 'Che hot moUier-Iiquor ron- 
tainint^ tlie broniino is allowed to percolate' steadily down a towor A, Fig. 12, pa<’ked with 
earthenw’aro balls ; the descending liquid meets an ascjeiiding stream of chlorine gas. Tlie 
magnesium bromide is decomposed: MgBi’j hClg — MgClg i Bi'a. Tho excess of chlorine, 
and tho bromine, rising from an exit at tho top of the towor, descend, and pass to tho 
eondonser where most of t ho bromine is condenso<l in a cooled worm-tuho, /?, and collects 
in tho bottle O : the uncondonsod bromine vapours and chlorine ])ass into a towt?r JJ packed 
with iron tunungs kept moist by water. Tho liquid leaves th(» base of the tower along 
tho same piiie which })rings in the chlorine gas, and runs into a tank beneath tho ground. 
The liquid is forced to flow through thi.s tank to tho exit pipe near the bottom in a zig-zag 
dirticlion. ^I'ho inflow and outflow of tho liquid in this tank is so arranged that tho level 
remains- the same. St<.iam is blown into tho liquor vlfj the ])ipe J'J, Most of thf> chlorine 
and bromine rise to the* space above tho level of the liquid whore they are carried along to 
tho towc3r with the stream of chlorine from tho generator. Wast(3 li<|uid runs from tho 
underground tank. 


The electrolytic processes ^ for separating chlorine from liquors containing 
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bromides are analogous with those employed for chlorine. The liberated bromine, 
however, remains in soln,, and has to be separated by distillation. 

The purification of bromine. — ^The first j^roduct of the extraction contains 
as impurities,® iodine cyanide, carbon bromides, bromoform, and 1 to 4 per cent, 
of chlorine. This is purified before it is put on the market, and much of the bromine 
on the market is either free from chlorine or contains at most up to 0*3 per cent. 
The chlorine is removed by distillation from alkali, calcium, or ferrous bromide.^ 
This is the most convenient and effective method of eliminating chlorine. If the 
bromine is initially very much contaminated with chlorine, a repetition of the 
treatment after converting the bromine into a bromide may be advisable where a 
very high degree of purity is desired. S. Piria ® added baryta water until the 
bromine is decolorized and evaporated the mixture to dryness. On calcination 
the organic matter is destroyed, and oxy-halides are transformed into the simple 
halides. The mass is then treated with sufficient bromine to displace iodine from 
iodides and again evaporated to dryness and calcined. The remaining mixture of 
barium chloride and bromide was leached with alcohol, which is said to dissolve the 
bromide and leave the chloride undissolvcd. The brojuine is recovered from the 
bromide by heating it with manganese dioxide and sulphuric acid. A. A. B. Bussy ® 
removed iodine by precipitation as cuprous iodide ; A. Adriani, by treatment 
wifcli starch paste. The most convenient and effective method of removing iodine 
is that suggested by S. Piria, namely, converting the bromine into a soluble bromide, 
and boiling the soln. with a little free bromine. A repetition of the treatment 
is advisable when the bromine is very much contaminated with iodine. 

P. G. E. M. Terwogt agitated the bromine with an excess of water for two or three 
hours, and removed the bromine by means of a separating funnel. The bromine 
was then jnixed with potassium bromide and a little zinc oxide, and distilled. The 
distillate was collected under water and redistilled. The product was dried by 
standing over phos])horu8 pentoxidc, and finally distilled once again, J. S. Stas 
employed a somewhat analogous process in 1881. According to A. Scott, this 
treatment removes chlorine and iodine but not organic chlorides and iodides ; there 
is also a risk of the zinc oxide contaminating the product with nitric ecid owing to 
the difficulty of purifying zinc oxide free from nitrogen. 

A. Scott prepared highly pure bromine by boiling grnis. potassiiiiji bromide in an 
equal weight- of water lirst with a few ciyntals of ])otasRium inelabiKuIphite and about 5 o.c. 
ot cone. sulphuT'ic aeid, then adding JOO c.e, of sat. bromine water, distilling off the excess 
of bioinint\ ailding another JOO <m*. of bromine water, distilling off once more, ai^d, after 
niMitralization with ])ota8Hium carbonates c'vaporating to dryness. I'hti dried bromide 
was now fused with polassium diehrornate (which had pitwiously l)een fused) in the pro- 
portion of grms. of bromide to 200 grms. of diehromate. This left an excess of 
bromide suftieient to retain any quantity of chlorine likidy to be prt'se.ut. 10,50 grms. of 
the fused mass, bioken iqi into pieces the size of hazel nuts, were now treated with a roitl 
rmxture of 4.50 c.e. of <*one. sulphuric acid with 700 c.c. of water. Any organic matter 
mixture was destroyed by adding a small (piantity of potassium permanganate, 
i he above quantifies gave about 470 grm.s. of bromine, and on the addition of an excess 
ot di(‘hromate a further 30 grms. of bromine were obtained, whi eh ought to contain all the 
chlorine. Hie iiurified liromine was dissolved in a soln. of potassium hvormde^-heed from 
iodine— and distilled. 
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§ 9. The Preparation o! Iodine 

Iodine is displaced from the iodides by any one of the other three halogens — 
fluorine, chlorine, or bromine. If an excess be used, a compound of iodine with 
the halogen may be formed. Iodine can be obtained from iodides by a process 
analogous to that employed for chlorine from chlorides and bromine from bromides, 
namely, by heating the iodides with manganese dioxide and sulphuric acid : 
2 KI 4'Mn02 + 21 12804 ^4 +2H2O +I2. The iodine vapour con- 
denses in the cooler part of the retort in almost black crystals. Some potassium 
bisulphate, KHSO4, as well as the normal sulphate, K2SO4, is formed at the same 
time. I'hc direct action of nitric acid or <*onc. sulphuric acid also liberates iodine 
from iodides. In symbols : 3n2S04+2KI=-2KHS04+2H20+S02+l2» in the latter 
caseitand 4nN03+2Kl--2KN0:3 f 2NO2 |'2H20+l2 in the latter. Various oxidizing 
agents also liberate iodine from the iodides - thus, with ferric chloride, FeCIs, the 
reaction is symbolized: 2KI+2FeCl3™2KCl+2FeCl2 hlo. 

Most of the iodine of commerce is derived from the ashes of certain varieties 
of seaweed, or from the mother-liquor — aqua vieja — remaining after the extraction 
of sodium nitrate from the caliche of Chili. Methods have been also proposed for 
extracting iodine from blast furnace gases.^ from natural waters, ^ and from natural 
phosphates ; ^ but they have not proved to be of any commercial importance in 
view of the relative abundance of the Chilian supply. Not much progress has been 
made by electrolytic processes. T. Parker and A. E. Kobinson ^ proposed to 
electroylze a soln. of the alkali iodide acidified with sulphuric acid, in a cell with a 
diaphragm separating the platinum or carbon anode from the iron cathode. The 
iodine which separated at the anode was to be washed with water, and dried by 
hot air. 

Formerly all the iodine was made from the ash of seaweed, and potash was a 
remunerative appendix to the iodine industry; but just as the Stassfurt salts 
killed those industries which extracted potash from other sources, so did the 
separation of iodine from the caliche mother-liquors threaten the industrial extrac- 
tion of iodine from seaweed with extinction. Iodine in a very crude form was 
exported from Chili in 1874 — e.g. a sample was reported with iodine 52*5 per cent. ; 
iodine chloride, 3*3 ; sodium iodate, 1 *3 ; potassium and sodium nitrate and sulphate, 
15*9 ; magnesium chloride, 0 4 ; insoluble matter, 1*5 ; water, 25*2 per cent. About 
that time much of the iodine was imported as cuprdus iodide. This rendered 
necessary the purification of the Chilian product ; but now the iodine is purified 
in Chili before it is exported. The capacity of the Chilian nitre works |or the ex- 
traction of iodine is greater than the world's demand. It is said that the existing 
Chilian factories could produce about 51 (X) tons of iodine per annum whereas the 
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world’s annual consumption is about 500 tons.® In order to prevent the cutting 
of prices by competition, the Chilian manufacturers have combined to restrict the 
output, and keep the supply as nearly as possible equal to the demand. As a result, 
a definite maximum is allocated for each works per annum ; so that the plant for 
the extraction of iodine in any particular works is rarely at work more than a few 
months each year. A little iodine is yet made from seaweed in Scotland, in Norway, 
and in Japan. 

The extraction of iodine from seaweed. — The deep-sea drift-weed which 
is washed on to the western coasts of Ireland,® Scotland, ^ Prance, and Norway 
during the stormy months of spring is collected, dried, and burnt in shallow pits. 
The product is called kelp (formerly hilpe^ a word of unknown origin) or vatec or 
help-ash in the United Kingdom, and in Prance, says P. Lebeau,® on le designe parfois 
sous le mm de kelp ou salin. On the Normandy coast, the terra varech is applied 
generally to the drift- weed or wrack which is thrown on the coast by the sea ; and 
the ash is called kelp or salin de varech or cendres de varech. 

If the drift-weed were to be burnt to a loose ash, it would furnish 25 to 30 lbs. of iodine 
per ton ; in practice, it rarely contains more than 12 lbs. per ton. The low yield is due to 
faulty treatment in calcination — e.g, (i) burning at too high a tt^mp. which causes the 
volatilization of part of the iodine, and the fusion or fluxing of the ash with sand and 
pebbles ; and (ii) imperfect protection of the kelp -ash from the weather whereby some of 
the soluble iodides are washed out by rain. High temp, burning also reduces some of the 
sulphates to sulphides, which later causes a high consumption of acid per unit of iodine. 


In 1862, E. C. C. Stanford® proposed the carbonization of the drift- weed in 
closed retorts so as to recover tar ahd ammoniacal liquor in suitable condensers. 
This modification did not flourish because of the subsequent difficulties in extracting 
soluble iodides from the charcoal. V. Vincent (1916) claims that soln. containing 
aluminium sulphate extract the alkali iodides from seaweed leaving behind the 
organic matter which prevents the direct precipitation of iodine or iodides. The 
alkali iodide soln. is treated with copper sulphate for cuprous iodide, or by soln. 
of sulphites for iodine. M. Paraf and J . A. Wanklyn proposed to heat the drift- weed 
first with alkali hydroxide so as to form oxalic and acetic acids, which could be 
crystallized from the lixivium. The economical treatment of seaweed for iodine 
has been discussed by A. Puge. 

E. C. C. Stanford proposed boiling the seaweed with sodium carbonate, the washed 
residue being termed algulose ; the acidified filtrate gives a precipitate of what he called 
alginic acid or insoluble algin. The filtrate was evaporated to dryness, carbonized, and 
called ki‘lp substitute ; it contains the iodine and pota.ssiurn salts of the original seaweed. 
The insoluble algin was converted into the sodium salt and called algin or soluble algin. 
Alginates of aluminium, iron, copper, and many other metals are precipitated directly by 
adding a metallic salt to the soln. of algin. It was further proposed to use algulose 
for making a transparent tough paper, and imitations of bone or ivory ; algin, as a 
substitute for gelatine ; aluminium alginate in making a waterj)roof varnish, and as a 
mordant in dyeing ; copper alginate dissolved in ammonia, as a waU^rproof varnish. 
The proposals did not prove a commercial success. 


The kelp contains 45 to 70 per cent, of soluble salts ; 0 5 to 1*3 per cent, of 
iodine ; and 30 to 50 per cent, of insoluble matters. The kelp is extracted with 
hot water, and the soln. fractionally crystallized ; the mother liquid is treated for 
iodine. 

The kelp is crushed into lumps — say, one to two inches diameter — and extracted with 
water in rectangular iron vats with false bottoms, heated by steam. The li(iuid of sp. gr. 
1*200 to 1*265 is decontecl into open iron boiling pans where it is evaporated down to a 
sp. gr. of 1*326 ; the salts — mainly potassium sulphate (50-60 per cent.) mixed with sodium 
sul]^at6 and chloride — which separate by crystallization during the evaporation are 
removed. ^Sfhe hot liquid is run into cooling vats where crystals of potassium chloride 
separate. The liquid is again boiled down, and crystals consisting mainly of sodium 
chloride with 8 to 10 per cent, of sodium carbonate — and called kelp salt— -separate from 
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the hot liquid; the hot liquid, decanted into cooling vats, furnishes crystals containing 
80 to 96 per cent, potassium chloride and called muriate. These operations are repeated 
several times. The mother liquid is mixed with about one-seventh its volume of sulphuric 
acid, free from arsenic; the polysulphidos and thiosulphates are decomposed with the 
sep^ation of sulphur ; some hydrogen sulphide and sulphur dioxide is evolved. The 
liquid is allowed to settle for 24 hrs, in closea lead-lined wooden vats, and decanted for the 
extraction of iodine. The sediment is steamed for a long time to remove adsorbed iodides. 
The dried mass — sulphur waste — containing 70 per cent, of sulphur, is used in making 
sulphuric acid. The sulphate salts are used for manurial purposes in agriculture ; the 
muriate can be used in the manufacture of potash salts ; the kelp salt is unsaleable ; and 
the insoluble matter in the lixiviation vats, which consists principally of calcium and 
magnesiiun carbonates and phosphates, was once used in making common bottle glass. 

Many processes have been proposed for separating the iodide from the mother- 
liquor resulting from the fractional crystallization of the aq. extract of kelp, 
A. Payen treated the acidified mother liquid with chlorine, or with potassium 
chlorate which in conjunction with the hydrochloric acid furnishes chlorine. Ar 
excess is avoided or iodine chloride will be formed. The precipitated iodine ii 
washed, dried, and sublimed. Bromine is extracted from the mother liquid b) 
neutralizing the acid, evaporating to dryness, and distillating with pyrolusite and 
sulphuric acid. F. J. Persoz, L. Boirault, and others have recommended adding 
copper sulphate mixed with iron filings or ferrous sulphate. The precipitated 
cuprous iodide, Cul, when heated with manganese dioxide, gives off iodine : 



Fia. 13.— 'Iodine Still with Two Trains of Udell Condensers. 


3Mn02+2CuI— 2Cu0-|-Mn304+l2- T. Schmidt precipitated the iodine as lead 
iodide, Pbl2. . E. Moride precipitated the iodine by treating the liquor with nitric 
acid ; J. Pellieux and M. Launay, used nitrous vapours ; • R. von Wagner, ferric 
chloride ; M. Luchs, a mixture of potassium dichromate and sulphuric acid ; and 
L. Thiercelin and L. Faure, sulphur dioxide or bisulphites. In the Scottish process, 
the liquor was heated in stills with sulphuric and manganese dioxide as recommended 
by W. H. Wollaston, J. J. Berzelius, and others. The iodine sublimes. 

Each still consists of an iron pot covered with a leaden lid to which are luted, say, two 
earthenware arms each of which is connected with a train of about five stoneware aludels 
or udells supported on a wooden frame woHt illustrated in Fig. 13. Each udell has a 
stoneware stopper below so as to permit conden^bd water (with the 3 halogens in solution) 
to be drained ofl as required. Manganese dioxide is added to the liquid. The still is heated 
by an open fire, and iodine and steam are evolved. The liquor from the stiU is a troublesome 
waste product. The udells are emptied when* reejuired. The bromine is in too small a 
quantity to pay to collect. The iodine from the udells requires further purification. 

The extraction of iodine from caliche. — The mother-liquor — aqua vieja — 
remaining after the extraction of sodium nitrate from caliche in Chili, contains 
sodium nitrate, chloride, sulphate, and iodate as well as magnesium sulphate. The 
iodine content of this liquid amounts up to about 0*3 per cent. ; as tjie original 
caliche has about 0*02 per cent., the iodine thus accumulates in the mother liquid 
during the extraction of the nitrate. The mother liquid is run into wooden vats, 
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and trealld'with sufficient sodium bisulphate to reduce part of the c ont ained i^io 
acid to hydriodic acid : 6NaHS054'2HI0s=3Na8S04+3H2S04+2HI | and to 
get the right proportion of iodic acid to reduce the remaining hydriodic acid to 
iodine : HIOg+SHI^SHgO+aig. The soln. is well agita^, and then neutrahz^ 
with the so-called sal nairon liquor. After agitation, the liquid is allowed to settle. 
The iodine is removed, pressed into cakes, dried, and slowly sublimed in cast-iron 
retorts fitted with udells, as indicated in Fig, 13. The mother-liquor—called agua 
feble — ^is returned to the nitrate extraction tanks and is used over again.^^ 

The sal fuUton liquor, prepared by heating crude nitrate from the aqua vieja tanks 
with 15 per cent, of coal dust, is made into a cone 5 ft, high mth a kind of moat dl^ round 
the b€u^ of the cone. The cone is sat. with water and ignited. The crude sodium car- 
bonate formed fuses and runs into the pit. The product dissolved in water forms the sal 
natron liquor. The sodium bisulphate soln. is made by passing the fumes of burning 
sulphur into the sal natron liquor. The liquid acid is then acid enough to liberate iodic 
acid from iodates. 

The recovery o! iodine from waste liquids. — P. Beilsteini^ recovered 
iodine from laboratory residues by evaporation to d^ness with an excess of sodium 
carbonate and calcination until the organic matter is all 
oxidized. The mass is dissolved in sulphuric acid and treated 
with the nitrous fumes, obtained by treating starch with nitric 
acid, until all the iodine is precipitated. The iodine is washed 
in cold water, dried over sulphuric acid, and sublimed. Other 
oxidizing agents less unpleasant than the nitrous fumes em- 
ployed by F. Beilstein — e.g. hydrogen peroxide — were recom- 
mended by Q. Torossian for the residues obtained in copper 
titrations. P. Beilstein’s process is applicable to soluble but 
not to insoluble, oxidized forms of iodine. F. D. Chattaway 
and K. J. P. Orton found it better to heat on a water bath 
the waste material, solid or soln., with aqua regia containing 
a slight excess of hydrochloric acid. This transforms the iodine 
^^^or/orio^iw^b * iodine chloride. The iodine chloride may be divided into 
Sublimation. ^ parts, one half decolorized by the addition of sulphurous 
acid 'or a sulphite, and this mixed with the other half. All 
of the iodine precipitates at once. Iodine chloride may be dil. with an excess 
water and allowed to stand, when the element separates in long crystals. 

The purifleatiou ol iodine. — Crude iodine contains from 75 to 90 per cent, 
of iodine, some iodine chloride, iodine cyanide, water, and different salts. The 
iodine of commerce is purified by washing it with cold water, drying by press., and 
subliming from heated iron retorts into udells.^^ The following is a convenient way 
of purifying small quantities of iodine for analytical purposes ; 

♦ 

Grind, say, 6 grms. of commercial iodine with 2 grms. of potassium iodide. Put the 
dry mixture in a small dry beaker (Fig. 14) fitted with a Gockers condenser, The beaker 
surrounded with a cylindrical asbestos jacket (not shown in the diagram). Place the 
beaker on a wire gauze, or a hot i)late, and heat the apparatus by means of a small flame. 
The condenser is full of cold wat3r, at the temp, of the room. When violet vapours have 
ceased to come from the bottom of the beaker, let the apparatus cool. A crust of iodine 
will be found on the condenser. Pass a current of cold water through the condenser. 
The glass contracts, and the crust of iodine can be easily removed by pusliing it with a 
glass rod into a similar beaker. The sublimation is repeated without the potassium iodide 
at as low a temp, as possible. Grind the iodine in an agate mortar, and dry in a desiccator 
over calcium chloride — not sulphuric acid or the iodine may bo contaminate. If the cover 
of the desiccator is greased, the iodine may attack the grease, forming hydriodio acid, 
which might contaminate the iodine. 

STumerous other modes of purification have been recommended from the simple 
process of G. S. S^rullas in which the iodine is dissolved in alcohol, the soln. filtered, 
and the iodine precipitated with an excess of water, to the elaborate process of 
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J. S. Stas, in which the utmost degree of purity was desired* L* L* d^'Koninck 
heated a mixture of potassium iocUde with about twice its weight of potassium 
dichiomate ; 0. Moineke precipitated iodine from a sola, of potassium iodide by 
the permanganate ; and G. P. Baxter converted iodine into hydxiodio acid by means 
of hydrogen sulphide, and after boiling the filtered soln. a few hours to expel hydrogen 
cyanide, he distilled the iodine with potassium permanganate. Three repetitions 
of the process gave iodine quite free from cyanides. B. Lean and W. H. Whatmough 
converted the iodine into cuprous or pall^ious iodide, and sublimed the iodine by 
dry distillation of the salt at about 260®. A. Ladenburg precipitated silver iodide 
from a soln. of potassium iodide ; and, after shaking the mixture with aq. ammonia 
for 24 hrs. to dissolve out the silver chloride, he reduced the silver iodide with 
zinc and sulphuric acid. The resulting zinc iodide was treated with nitrous acid ; 
the precipitated iodine distilled in a current of steam ; and the iodine dried over 
calcium chloride. M. Baubigny and P. Rivals converted the iodide into iodate by 
adding potassium permanganate to a soln. of the iodide in sodium carbonate. 
Five-sixths of the soln. was reduced with neutral sodium sulphite and the iodine 
was precipitated when the reduced soln. was mixed with the remaining sixth : 
5HI4-HI03=3H20+3l2. The iodine was filtered, washed, dried, and sublimed. 
The product was freed from chlorine, bromine, and cyanides. 6. P. Baxter oxidized 
the iodine to iodic acid and recrystallized the latter a number of times from cone, 
nitric acid. The iodic acid was heated to 1(X)® to drive off moisture, the temp, was 
then raised to about 240®, and finally heated to 350® in a current of air. The iodide 
was condensed and finally remelted to remove all traces of moisture. P. Kothner 
and E. Aeuer found ethyl iodide boiled at 72®, the chloride at about 12®, and the 
bromide at 38®. Hence, if the halogen is transformed into the ethyl salt, fractional 
distillation enables the iodide to be separated from the chloride and bromide. 

In one of J. S. Stas’ processes, the iodine was dissolved in a soln. of potassium 
iodide. The soln. was diluted with water until a precipitate began to form, and then 
three-fourths of the amount of water required to precipitate all the iodine were added. 
The separated iodine was washed free from potassium iodide by decantation, the 
crystals, after draining, were dried over calcium nitrate in vacuo, and then distilled 
twice from barium oxide. In another process, J, S. Stas purified the iodine by 
first treating the iodide with ammonia which converts about 95 per cent, of it into 
the explosive nitrogen iodide. The washed nitrogen iodide decomposes quietly 
when warmed with an excess of water. J, S. Stas thus describes the procedure : 

Powdered iodine is added to a cold cone. soln. of ammonia in a laige dask until the 
dark brown liquid is nearly colourless. Tho resulting nitrogen iodide is washed by decanta- 
tion with cold cone, ammonia until the ammonium iodide is removed. The nitrogen 
iodide is placed on a funnel with its neck drawn to a fine point, and washed with cold water 
until the colour of the compound changes to brown, and the wash water is yellowish-brown. 
The moist iodide is placed in a large glass flask with ten times its weight of water, and slowly 
heated on a water bath to 60® or 65®. If the temp, be raised above 65®, before decomposition^ 
is complete, an explosion may occur. The nitrogen iodide decomposes forming crystals of 
iodine, a solution of iodine in ammonium iodide, and a white substance — ^possibly ammonium 
iodate. When the decomposition appears complete, the liquid is warmed up to 100® for a 
few minutes. The solid iodine which separates out on cooling is washed with water on a 
funnel with a drawn-out neck ; emd afterwards distilled in steam. The iodate is not 
volatilized. The iodine is dried over calcium nitrate ; twice distilled from admixture 
with about 5 per cent, of finely powdered purified barium oxide ; and finally sublimed alone. 
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§ 10a The Physical Properties of Chlorine, Bromine, and Iodine 

At ordinary temp, fluorine is a gas with a pale canary-yellow colour, chlorine is 
a gas with a greenish-yellow colour, bromine is a dark reddish-brown liquid which 
readily forms a reddish-brown vapour when warmed ; and iodine is a dark bluish- 
black crystalline solid which gives a violet-coloured vapour when heated. The 
colour of the halogen gases is therefore deeper and more inclined to the violet end 
of the spectrum, the greater the at. wt. The colour of bromine and chlorine 
gradually becomes paler as the temp, is reduced. At the temp, of liquid air, bromine 
is pale yellow, chlorine almost colourless. J. H. Kastle i tried to show that the 
characteristic colours of the halogens can be explained on the assumption that the 
molecules are slightly dissociated oven in the solid state, and the observed colour 
is that of the dissociated halogen. He based his argument mainly on the facts : 
(1) the colour of the halogens is inversely as their chemical activity ; (2) the least 
stable halogen compounds are the most highly coloured j (3) on heating, the halogen 
compounds become deeper in tint ; (4) the change of colour of bromine on cooling 
is thus said to be an effect of diminished dissociation (iodine is steel-grey in colour 
at —190® and at ordinary temp.). 
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The odour of chlorine is most 'disagreeable and suffocating; if but small 
quantities of the gas are present its odour recalls that of seaweed. Chlorine attacks 
the membrane of the nose, throat and lungs producing irritation, a kind of bronchial 
coughing, and spitting of blood ; the lungs become inflamed, and this is followed by 
painful death. M. von Pettenkofer and K. B. Lehmann 2 found that 0*001 to 
0*005 per cent, of chlorine in the air affected the respiratory organs ; 0*04-0*06 
I^roduced dangerous symptoms, whilst concentrations exceeding 0*06 per cent, 
rapidly proved fatal. Bromine like chlorine has a very unpleasant irritating smell ; 
it attacks the eyes very painfully, and is an irritant poison ; when in direct 
contact with the skin it produces troublesome sores. M. von Pettenkofer and 
K. B. Lehmann add that men cannot stand more than 0*002 to 0*004 per cent, if 
not habituated ; and if habituated, not more than 0*01 per cent. The smell of 
iodine is not so obtrusive since it is solid at ordinary temp. ; it too has a faint 
smell recalling that of chlorine, but is less unpleasant and less irritating. 

The crystolline forms of the halogens.— According to W. Wahl, the crystals 
of chlorine, bromine, and iodine belong to the rhombic system, ^ and they are 
isomorphous. The crystals are strongly doubly refracting in sections both parallel 
and at right angles to the longest axis ; and the extinction between crossed nicols 
is parallel to the longest axis. The optical properties of crystals of bromine arc 
similar to those of chlorine ; the crystals have a tendency to develop prismatic 
fortns, and the prismatic cleavages — angle 70° — are very distinct. H. Arctowsky 
obtained slender carmine-red needle-like crystals of bromine which recall those of 
chromic anhydride. Prom B. J. Karsten’s and P. C. B. M. Terwogt’s observations 
on the m.p. of the binary systems, Cl-Br, Cl-1, and Br-I, the halogens can form 
a continuous scries of mixed crystals, and they thus appear isomorphous. 
E. Mitscherlich showed that it crystallizes in the rhombic system with a 
prism angle of 67° 12' ; and E. S. von Federoff found that some crystals on 
the asbestos stopper of a reagent bottle contained both the ordinary rhombic tablets 
and prisms belonging to the monoclinic system. Both forms can be obtained from 
soln. in carbon disulphide, chloroform, petroleum ether, and alcohol. The mono- 
clinic crystals are formed by rapid evaporation, the rhombic form by slow evapora- 
tion. V. Kurbatoff found the sublimation of iodine above 46*5° gave the ordinary 
rhombic crystals, and at lower temp, the monoclinic crystals. Hence, it has been 
said the iodine is dimorphous with a transition point at 46*5°. W. Wahl could not 
find a transition point by cooling the ordinary form down to —180°, and considers 
it is not probable that there is a transition point. He believes that the ordinary 
form is stable at all temp., and that the monoclinic prisms belong to a monotropic 
form with a marked temp, limit of formation, and apparently with a low velocity 
of transformation at ordinary temp. 

With chlorine, the polarized light travelling parallel to the cleavage axis is more 
strongly absorbed, and the transmitted light a deeper yellow with a greenish tint 
than that passing in directions at right angles to the principal axis. There is a slight 
difference in the degree of absorption in the two directions at right angles to the 
principal axis. The crystals of bromine are pleochroic, being dark brownish-red in 
the direction of the prism axis ; yellow-red in the direction of a line bisecting the 
smaller prism angle ; and pale yellowish-green in the direction of the line bisecting 
the larger prism angle. The change in colour of solid bromine from brownish-red 
to nearly black at the m.p., and pale yellow at the temp, of liquid air, and to a still 
paler tint at the temp, of liquid hydrogen, is principally due to a gradual disappear- 
ance of the strong trichroism which it preserves near the m.p. The crystals of iodine 
appear black or light reddish, or leather brown according as the polarized light is 
transmitted with the direction of the principal axis parallel to the plane of polariza- 
tion, or at right angles to the principal axis. The pleochroism of these three members . 
of the halogen group increases in strength and character as the at. wb. increases — 
the colour of the strongest absorption in chlorine is the same as the weakest in 
bromine ; and the strongest in bromine, about the same as the weakest in iodine. 
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The hehaviour o! the halogens towards the gas laws.— One Utre of chlorine 
gas at 0 “ and 760 mm., latitude 45°, and at sea-level, weighs 3*1667 gnns., when a 
litre of oxygen under similar conations weighs 1*42900 grms. The theoretical 
density with respect to air is 2*4494 — ^under standard conditions. The value 
observed by J. L. Gay Lussac and L. J. Th4nard ^ is 2*47 R. Bunsen, 2 4482 { 

A. Leduc, 2*491 ; H. Moissan and A. B. du Jassonneix, 2*490 grms. According to 

B. Ludwig, 5 the vapour density, D, of the gas at a temp. 9° between 0° and 200 

is D=2*4855— 0*000176. According to H. Jahn, above chlorine foUolvs 

Boyle’s law exactly ; M. Pier found that the coeff. of expansion a in the expression 

between 0“ and 60*24®, o=0*003873; between 0 ° and 100*4®, 
a= 0 * 00 ^ 33 ; between 0 ° and 160*7®, a==0*003814 ; and between 0® and 184®, 
o=s0*003804. Similar observations apply to the constant /3 in the expression 
p~po{l+p9), which decreases from 0*003807 at 100 ® to 0*003774 at 184*4°. With 
rising temp, or decreasing press., the behaviour of chlorine approximates more and 
more nearly to that of an ideal gas., R. Knietsch’s values® for J. D. van der Waals’ 
constants are : 

(p + -)(v - 0*002050) ^ RT ; 

and for bromine, o=0*01434 ; 6=0*00202. 

The vapour densities. — ^The observed densities of chlorine, air umty, are 

0“ 100' 200' 0“ to 1200° 1400' 

Vapour density . . 2*4910 2*4616 2*4610 2*450 c. 2*02 

The ideal value of CI 2 is 2*4494. Tho greater density of chlorine below 200° is 
attributed by M. Pier to polymerization into CI 4 molecules ; and on this assumption 
he has calculated the degree of dissociation Cl 4 = 2 Cl 2 , corresponding with the devia- 
tions of the observed densities from the ideal value. This assumption is not sup- 
ported by other evidence, for the molecular condition of liquid chlorine appears 
to be the same as the gas, OI 2 . The vapour densities of chlorine at high temp., 
determined by V. Meyer and his co-workers, 7 have a value lower than the normal, 
and indicate that chlorine is appreciably dissociated into one-atom molecules : 
Cl 2 = 2 Cl, at temp, exceeding 600°, or else that the coeff. of expansion of chlorine 
is greater than normal. M. Reinganum obtained no evidence of dissociation at 
1137° if precautions be taken to prevent errors ansing from the tendency of 
chlorine to diffuse through the walls of the apparatus. 

Bromine forms a reddish-brown vapour at ordinary temp, with a vap. press, 
of 138*1 mm. at 15®, at which temp. E. P. Perman « found the vapour density at 
15® to be quite normal, but according to H. Jahn, it is rather higher than the normal 
value 6*5149 if air be unity or 79*92 if oxygen 16 be the unit, for at 102*6° he found 
6*7280 ; at 176*68°, 5*6040 ; at 227*92®, 6*5243 ; and he represents the observed 
vapour density, D, at 9° by the empirical formula 2>=5*8691 —0*001530. H. Jahn 
assumes that the molecules are polymerized at the lower temp, and that with rising 
temp, or decreasing press., say, by dilution with nitrogen, the density approaches 
the normal value corresponding with two-atom molecules. At higher temp, the 
vapour densities are lower than the normal value, and this the more the higher the 
temp. It is therefore assumed that there is an increasing dissociaMon ; Br 2 v^ 2 Br 
with rise of temp. ; and cadculations from the observed deviations of the vapour 
density from the ideal value for Br 2 show that the percentage dissociation at 

800® 850“ 900“ 960® 100® 1050® 1284® 

Disaociation . • 0'16 0*20 1’48 2*53 ^ 3’08 6*30 18 3 per cent. 

,M. Bodenstein and F. Cramer represent the relation between the dissociation and 

temp, by the formula 

log lOlOOr-i-f-1 *76 log r— 0*00040902’ -1-4*76 X 10 -* 2’2 4-0*548 
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Similar results have been obseryed with iodine, but the dissociation * is much 
more marked at even lower. tes^p, . 7he theoretical density for the iwo-atom molecule 
is 8‘758, air unity ; or 12f|!92r! ezygen=sl6 ; and for the one-atom molecule the 
theoretical density is 4*379,, air: unity. When iodine vapour is heated above 700° 
its density diminishes stead^y Up to about 1700°, when it becomes constant at half 
its value at the lower temp. . . 

Temp. . . . 480° 85,8° 1043'* IgTS** 1390® 1408® 

Vapour dmaity . 8’74 - 8‘07 7*01 5-82 5-27 6 00 

Diasooiatioa . . ,0 8^0 26*5 60*6 66*2 73*1 per cent 

I. The 


Without doubt, the iodine, molecule, dissociates into atoms : - The 

state of the system in equilibrium will be represented by hCu^¥C-i^. If x denotes 
the proportion of iodine dissociated, an^ e the volume of the iodine vapour, theii> 
since v volumes of iodine T^oilr become 2» volumes of dissociated iodine vapour, 
it follows that the concentrati<m of the dissociated iodine will be xjv, and of the 
undissociated iodine (1— a:)/w,' Hence for equilibrium 

.I— as- V Tt 

V vp/ Jk (1 — x)v 

In every mol. of iodine (Ig) at lfiNr3°,'6*25 mol. will be dissociated ; hence, as8s=0*0625, j, 
1— a;=0*75 ; and As=s0*0833/o. To evaluate «, remember that one mol. of iodiiie 
vapour at 0° and 760 mm. occupies 22‘3 litres ; and at 1043°, 107*6 litres. TWs 
quantity of gas contains 0*26 more molecules of iodine because of dissociation,, and 
hence its volume is 107*6-fJ of 107*6=134*4 litres. Hence .A =0*0833-7- 134*4- 
=0*00062 ; or A: : it' =0*00062 i 1 ; or 1 : 1600 (nearly). Otherwise expressed, 
(7 i 2=1600 C]^, that is, the atoms of iodine wi^ftoite 1600 times as fast as the molecule 
dissociate under such conditions that unit concentration of each is present. 
The dissociation of iodine molecules is a onimolecular reaction because one mole- 
cule is concerned in the reaction ; . and the formation of the two-atom molecul^ 
by the union of two one-atom molecules is a bimolecular reaction because two 
molecules are concerned in the process, 

6. Starck and M. Bodenstein represented the relation between the dissociation 
constant and the absolute temp. T, by the relation logio Ap=— 7761*96r~i-{-l*76 
log 2'—0*00041666T-l-0‘423<; which is closely in accord with observations : 


Tomp. 

Log,, K (Observed) 
Log,« Kp (Calculated) 


'1073°, 1173® 1273® 1373® 3473® K. 

;r-l*84ft/ -1*326 -0*782 -0*309 -0*091 

:-l*966 -1*340 -0*771 -0*311 • -0*084 


For the sake of comparison, the dissociation constants K of chlorine, bromine, 
and iodine are respectively 0*C)1 (1670°), 0*06 (1060°), and 0*66 (1390°). The heat 
of dissociation 12^21, calcnlated ffbm G. Starck and M. Bodenstein’s equilibrium 
measurements is 35*67 cals, at 1073° K., and 39*64 cab. at 1473° K. ; while 6. N. Lewis 
and M. Bandall calculate th^ the. increase of free energy in passing from Ig to 21 . 
is 35650— 3*60r log 2'-j-0*Ci02P3’^— -l*99r cals. I. Langmuir obtained evidence." 
of the formation of atomie h«»ting chlorine under a low press, by meqiia 

of a tungsten filament as in the au^o^us production of atomic hydrogen-t^.c. 

The spedflo gravitieg dl liquid and solid. — The sp. gr. of liquid chlorine : 
has been determined by R. X^nietsch over a range of temp, from — 80° to 77°, 
and A. Lange has abo obtain^ results in close agreement with those of R. Knietschi; 
The latter represents his tp."||r, D at the temp. 0, by the empirical formula: 
7)=1*6588346— 0*002003753(9+80)— 0*000004869674()9-f-80)8, with a mean eriot 
±0*00148; ,F. M. G. Johuson D. McIntosh give the formula i)=r725 
—0*00243 (100+9). - A sebte^op pi . A. Lange’s results for the sp. gr. of liquid 


chlorine are 


- 60 * 

Sp. gr. . i*5960 

80 “ 

Sp.gr.. 1*3799 
VOL. n. 


- 40 * 

1*6709 

40 * 

1-3477 


l-M#:-;!'; Jt*2l6. 
l*314i|:'.V<..^r-27a9. 


- 10 “ 

1*4967 

70 “ 

1*2421 


0“ 

1*4486 

AG® 

l-%28 


lO*’ 

1-4402 

90“ 

I m2 


20 " - 
1-4108 
100 " 
1-1134 
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M. Pellaton represented the sp. gr. of liquid chlorine at 6’’ by the formula 
D=0‘687014+0 0002379(144— <?)-l-0'0622109(144— 0)*, and for the sat. vapour, 
D=0'48219+0002451(144— 5)4-0 068526(144— fl)*. The results are m close 
agreement with the law of rectilinear diameters. The sp. gr. of liquid chlorine at 
the b.p. is 1‘668 ; and for liquid bromine, according to W. Ramsay and D. 0. Masson, 
2-9483. The values for the sp. gr. of liquid bromine by the early investigators show 
considerable variations because the bromine they used was impure and probably con- 
taminated with much chlorine. A. J. Balard’s number was 2*966. T. E. Thorpe s 
number is 3‘18828, at 0° water at 4° unitv ; and 3’16787 at 9-l“. L. W. Andrews 
and H. A. Carlton give 311932 at 20°, 310*227 at 25°, and 3-08479 at 30°. According 
to H. Billet, the sp. gr. of liquid iodine at 107° is 4*004 ; 3*944 at 124*3° ; 3*918 at 
133*5° ; 3*866 at 151 0° ; and 3*796 at 170° ; and, according to J. Drugman and 
W. Ramsay, 3*706 at 184*5°. J. Dewar obtained for the sp. gr. of solid iodine, 
4*8943 at —38*85 ; A. Ladenburg, 4*933 at 4° ; J. S. Stas, 4*948 at 17° ; H. Billet, 
4*917 at 40° ; 4*886 at 60° ; 4*857 at 79*6° ; 4*841 at 89*8° ; and 4*825 at 107°. 
Q. le Bas estimates the at. vol. of the halogen atoms in combination relative to 
combined hydrogen, at the critical point, to bo 


Critical tomp. 

B. p. . 


H 

F 

Cl 

Br 

I 

9-7 

22*6 

68*7 

71*6 

100-6 

1-0 

2*3 

60 

7*7 

10*4 

a-6 

8*5 

21-7 

27*0 

37*0 


The compressibility coefficients* — The mean compressibility of liquid chlorine 
at 20° under the influence of one megabar, i.e. 0*987 atm., is 0*000116 for press, 
between 0 and 100 megabars, and 0*000095 between 100 and 500 niegabars ; for 
liquid bromine between 0 and 100 iMgabars press., 0*0000613, and between 100 
and 500 mogabars, 0*0000518 ; for solid iodine, 0*000013 between 100 and 500 
megabars press. The compressibility of liquid chlorine, says T. W. RichardB,i2 the 
highest of all the elements, seems to be connected with its large at. vol., -its 
great reactivity, and its volatility, since .sub.stances which already possess a large 
cohesive press, would be naturally less influenced by an external press. The com- 
pressibility of solid chlorine is probably less than 50x10 ® and may be as 
low as 25 X 10 ® ; and the compressibility of solid* bromine is probably less than 
30x10 « 

The surface tension. — Tho surface tension of liquid chlorine at — 72° is 33*05 
dynes per cm., 31*61 at —61*5° ; 29*28 at —49*5° ; 20*55 at 35*3° ; and 25*33 at 
-28*7. Tho temp, coetf. of the molecular surface energy is 2*04, very near to tho 
characteristic value for non-a.ssoeiated liquids, and hence it is supposed the molecules 
of liquid chlorine are present in the state of two-atom molecules, Clg. The surface 
tension, <t, of liquid bromine at 5° is (r=42*0(){l-0*003815) dynes per em. The 
values observed by W. Ramsay and E. Aston are 40*27 dynes per em. at 10*6 ; 
34*68 at 46°; and 29*51 at 78*1°. The temp, eoeff. agrees with the assumption 
that the molecules are not more complex than is represented by Br^. According 
to R. Schiff, the atomic cohesion, a^, on the assumption that the capillary constant 
is an additive quality, are, in terms of hydrogen unity, 7, 13, and 19 for chlorine, 
bromine, and iodine respectively. 

The viscosity and fluidity. — ^According to T. Graham,'*® the coeff. of viscosity of 
chlorine gas is 1 *287 X 10““* at 0°, and 1 *470 x lO'^ at 20°.* According to A. Campetti, 
the -viscosity of chlorine is 1*328 X 10“® at 15°, and it is not affected by the arc-light 
filtered through a dil, soln. of cupric sulphate to free it from the less refrangible rays. 
A. O. Rankine found 1*297 X 10-* at 12 7°, and 1*688 xl0~* at 99*1" for chlorine ; and 
for bromine, 2*48 xl0~* at 223*4°; 1*885 x 10“ * at 99*8°. At T° absolute, the 
viscosity of bromine vapur is 0*0(XX)2158ri/(l**f460T“'). At the critical temp, 
the viscosity of chlorine is 1*897 X 10 -*, and of bromine 2*874 x 10 *. According to 
T. B. Thor})e and J. W. Rodger, the viscosity of liquid bromine is 0*01245 at 0*56° • 
0*01035 at 16*16° ; 0*00848 at 35*86° ; and 0*00706 at 56*48°. According to E. C. Bing- 
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ham, the fluidity of bromine — i.e. the reciprocal of the viscosity — ^reprOsented 
by ijt is related with the absolute temp, by the formula 2’=0'79098^— 1376‘3i^“i 
-|-227’16 with an error not exceeding 0'03 per cent. The viscosity of liquid 
iodine is 2-252 at the m.p. The intrinsic press., K, of the liquid halogens calculated 
by P. Walden from the relation K—afv^, where a is van det Waals’ constant, and v 
is the mol. vol. at the b.p. — ^is 1060 atm. for fluorine, 2135 atm. for chlorine, 2530 
atm. for bromine, and 2830 atm. for iodine. The colluion frequency, 6270x10* 
per second; and the coefl. of condensation from gas to liquid Dgag/Aiquid— 0*00301. 
Q. Jager’s estimates of the molecular diapieter of fluorine, chlorine, bromine, and 
iodine calculated from the electrical conductivity of salt soln., are respectively 
136xl0~», 96x10-®, and 91x10“® cm. The estimates of the diameter of the 
sphere of action of chlorine based on the kinetic theory of gases furnish numbers 
ranging from 3-28 X 10“* to 4‘96 X 10“* cm. A. 0. Rankine’s estimates, based on the 
viscosities, are 3-15 X 10' * cm. for the diameter of the chlorine molecule, and 3’36 
X 10~* cm. for that of bromine ; and 1-30 x 10“22 c.c. for the volume of the chlorine 
molecule, and 1-59x10“®® c.c. for that of bromine. G. Jager calculated for the 
mean free path 2*9x10'® cm. — 0. B. Meyer gives 4*6x10"® cm.; and for the 
square root of thp mean square of the molecular velocity, 3*07 X 10* cm. per second ; 
and the arithmetical mean 2*86 X 10* cm. per second. 

The coefficients of thermal expansion. — The coeff. of cubical expansion of liquid 
chlorine follows from the determinations of sp. gr. at various temp. According to 
A. Lange’s data,i7 the coeff. of expansion of liquid chlorine, o, is 

-60' -za- 0® 26' 60' 75' 100' 

OOOl.'il 000162 000187 ^0210 000260 000314 000430 

The constant thus increases in magnitude as the temp, rises, until, at about 90°, 
it is as large as that of the gas. R. Knietsch gave a=0*001409 from —30° to 0°, 
0*001793 from 50° to 60° ; and 0*003460 from 70“ to 80°. T. B. Thorpe represents 
the expansion of liquid bromine at d° by the empirical formula 1 ■4-0*0010621800 
+0*0000018771402-0*00000000308503. J. I. Pierre gave 1+0*0010381862560 
+O OOOOO171138O85302+O*OOOOOO(X)544711803. The constants in the latter formula 
can be curtailed because after, say, the fourth significant figure the numbers 
are all out of perspective with the accuracy of the measurements. According to 
H. Billet, the coeff. of cubical expansion of solid iodine is 0*0002350, and according 
to J. Dewar 0*0002510 between —38*86° and 17° ; the coeff. of thermal expansion 
for liquid iodine is 0*000856 according to H. Billet, 

The liquefaction of chlorine. — ^The history of the liquefaction of chlorine is 
interesting. B. Pelletier in 1785 and W. J. G. Karsten in 1786 contested the view 
that chlorine is a permanent gas because they showed that yellow crystals were 
formed when the gas is cooled. These crystals were regarded as solid chlorine. In 
1810, however, H. Davy showed that these crystals were not formed at —40° F. 
if dry chlorine be used ; that a soln. of chlorine in water freezes more readily than 
water alone ; and that the crystals contain water. He adds : “ The mistake seems 
to have arisen from the exposure of the gas to cold in bottles containing moisture ; ” 
and in 1823, M. Faraday showed that what chemists called solid chlorine about the 
end of the eighteenth and beginning of the nineteenth centuries, is chlorine hydrate. 
On March 5, 1823, M. Faraday was operating with chlorine hydrate in a sealed tube. 
Dr. J. A. Paris i® called at the laboratory and noticed some oily matter in the tube 
Faraday was using ; he rallied Faraday “ upon the carelessness of employing 
soiled vessels.” Faraday started to open the tube by filing the sealed end ; the 
contents of the tube suddenly exploded ; and the “ oil ” vanished. Faraday 
repeated the experiment, and Dr. Paris, next morning, received the laconic 
note : 

Dka.r Sir,—- T he oil you noticed yesterday turned out to be liquid ohlqrine. — ^Youra 
faithfully, MicmAm, Faraday. 
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Chlorine can be condensed to a golden-yellow liquid at 0“’ ® 

sealing chlorine hydrate in one limb of a A-shaped tube, an p g g 

warm water while the other leg is immersed m a ^^^**’**“8 j b; 

ice and salt, yellow oily drops of liquid chlor ne condense 
in the cold limb. M. Karaday was much troubled with his 
tubes bursting, and reft^rs to the personal damage he sus- 
tained in this way. He speaks of his eyes being filled as with 
broken glass, and of ex])losions so violent as to drive pieces 
niT of gluss through window panes “ like pistol shot. Al, 

P ir T' ft" f Faraday was unable to freeze liquid chlorine by cooling it 
' ■‘Chlorinl!! to -40°; but in 1884, K. Olsehowsky obtained yellow 

ciYwStal.s ])y cooling tlie liquid in a bath of evaporating 

ethylene. . o 

The critical constants/^^ — ^For the critical temp, of clilorine, J . Dewar gave 141 ; 
R. Knieksoh, 140^ ; A. liadenburg, 148" ; and M. Pellaton, 144°. The critical temp, 
of chlorine is about 145*^; that of bromine, 302°; and of iodine, 512 (estimated). 
According to T, Andrews (1871) : 



Jf a fino tiibn l)o herin^tittally Sf^aled when onn-half of the lube is tilled with liquid 
bromine, and one-half with the vapour of bromine, and gradually heat-etl until the tt'inp. 
is above the eritical point, the wliole of the bromine hi'oomes ipiito opa(|UP, and the tub© 
has the aspect of being tilled with a dark red opaque resin. Kven liquid bromine transmits 
muc'li less light; when strongly boated in an hermcdieally sealed tube than in its ordinary 
state. 


R. Knietsch gave for the critical press, of chlorine 93*5 atm., and of bromine, 
131 atm. (estimated), J. Dewar gave for chlorine, 83*9 atm., and M. lh*llaton, 
7()*1 atm. The critical volume of chlorine is OIHIOIT), and of bromine, 0*(X)005, 
M. Pellaton gave for the critical density of chlorine 0*r)73. 

The boiling and melting points. H. V. Rognanlt -^ gave —33*0° at 760 mm. 
for the boiling point of liquid chlorine ; and M. IV.lIaton gave ~-34*5°. R. Knietsch 
determined the vapour pressure of liquid chlorine at ditfereut temp, ranging from 
— 83° to 146", which latter he regards as the critical temp. For temp, below 
the h.p., K. Knietsch found the vap. jiress., in nun. of rnercurv, to be 



34 r 

-’-4(r -lo-.v’ -00 -00" 

-*7.r -S.T’ 

-88® 

Vaj). press. 

. 710 

108 217 1.^5 

m) no 

;i7'r) mm. 

and for temp. 

above the 

b.p, the vap. press., in aim., wore 




0" ‘iO'sr." 10" 70® 

KMr ISO" 

140® 

V’^ap. press. 

. 1-00 

;p(»() 0-79 11-5 2:)*0 

41-7 «(l-4 

03 f) atm. 


R. Knietsch reprosenis his determinations of the vap. jiress. p of liquid chlorine 
at a temp. d'\ between —33*6° and O", by the empirical formula; p 760 
+32*91 27(fl+33*6)+()*81O597(6^+33 0)2 mm. ; those between 0° and iif by p- 2781 
+82*3016661+1 *M7O2930‘^ mm.; and those between 40° and 146° by 11*5 
+()*192O66(0- 4O)+O*()Or>.365(0 -40)2 atm. M. rellatoii uses log p -4*922232-RT i 
— 0 log 7’ atm., where log j9 -r'2 *9676491 ; aji<l log t- -^1*8967405. A. .luliusberger 
gives logio p “1*90847 -393*8T 0’87093T mm. between 185° and 419° K. 

For liipiid chlorine, M. Pellaton -- found the value of / in J. D. van dcr Waals’ 
equation log (pr/p) --/{TdT- 1) is nearly 2*5; the ratio of the critical density to that 
eahnilated by tlio, formula of a normal gas 7)-~Mp^/22412(l+«0c), namely 0*15765 ; 
3*635— A./y> ; and an application of Trouton’s rule, 67*5x70*92 "'238*5 gives 20*67. 
Each of these three values is characteristic of what is obtained with non-associated 
liquids. 

The reported b.V.2‘5 of liromine arc very discordant ; numbers ranging from 45° 
to 63° have lieen given ; A. (b Balard's inimbcr was 47 The best representative 
value is 59° at 760 mm. If extreme trouble is taken to ensure accurate physical 
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measurements on material which has not been prepared with extreme care so as to 
ensure the highest degree of purity, the work* will be all out of perspective. The 
bromine of the early observers was, witliout a doubt, contaminated with x per cent, 
of chlorine. The vap. press, of liquid bromine in niilliiuetres of mercury are, accord- 
ing to W* Ramsay and S. Young : 

-O'ss^ ~5'4u" -crai" 104 ** 2 srK>" y7*i4“ 4s*7" r»r.o'* 

Vap. 50*9 05-25 111*8 251 0 257 0 540*5 089*0 nan. 

H. W. B. Roozeboom’s values are a little higher. W. Ramsay and S. Young's and 
C. and M. Outhbertson's values for the vap. press, of solid bromine arc 

-(W(P -40*9^ -•28*8'* -M*U“ -1‘2U'* -8'4'* -7-0 

Vap. press. . 0*13 . 0*00 1*83 7*74 25*0 30*0 40*0 45*0 imn. 

T. Isnardi observed 65*83 mm. at 0"^ ; 35*37 mm. at ; 24*05 mm. at -15'5^; 

and 15*75 mm. at —21*1'^. The triple })oint is — 7*3 ' and *16*4 mm. The vap. 
press, of solid bromine is given by log P - -7100*1427’"^* - 43'33105 log T 
4-133*46020. The molecular rise of the b.p. of liquid bromine, at 
ordinary press, is 52— the caleiilaicd value is 40*5. 

Rough estimates of the b.)). of iodine were made l)y J. L. Gay Lussae,-'> and 
II. V. Reguault. Later deteriiiiiuitions were made by W. Ramsay and S. Young, 
who found the vaj). press, of the liquid, in nun. of mercury, to be 

114*1 ‘ 1-20*4* 127*1* t0(VC^ 109*4 174-5" 180*75^ 18C'J‘* 

Vai». prcri.s. 80*8 113*4 142*9 475*0 505*5 575*3 080*5 704*2 mm. 

J. JJewar represents the va]). press., of li(|iiid iodine by the formula : log p— 
7*024 — 23162’ "L For solid iodine, G. P. Baxter, 0. 11. Jlickey, and W, C. Holmes, 
between 0*^ and 55^ and W. Ramsay and H. Young, between 58*1^ and 113*8'*^, found 
the vap. [>rcss. : 

0" 15'’ 30^^ 60*’ 04*5'^ 80*4® J0*2*7® 113*8 ‘ 

Vap. press. . 0*030 0*131 0*409 2*J54 0 05 15*15 50 05 87*0 mm. 

R. Naumaun obtained a vap. press, of 0*00(J004 atm. at —21'^ ; his other results 
arc lower than those in the above table. J . Dewar repriisents W. Ramsay and 

S. Young's vap. press, p of solid iodine between 58*1 and 113*8'^ by log 13*3635 
-28722'-A ; and between 85" and 114*1^ by log/;- 10*0392 ^ 31372' L W. Nernst 
represents the vap. press, of solid iodine by the expression log p-~ — 31962' ^ 
+ 1*75 log 2'— 0*0031282'+ 4*0, where 4*0 re])rcsents the so-called chemical constant 
of iodine. The formula agrees very well with R. Naumann's measurements. 

The melting point of chlorine, determined by K. Olsc.hewsky/*^'^ is - -102''. The 
values for the m.p. of bromine were very discordant before those undertaking the 
measurement of ])hysical constants realized the vital importance of carefully ])uri- 
fying tlicir materials. The numbers which have been reported range from - 7*5‘^ 
to - -25". A. J. Balard gave — 18‘'. The more recent determinations group tiicni- 
selves about —7*3" as tlie best rcqnesentative value for the m.p. of bromine.-^ The 
m.x). of iodiuc is 113*6° according to H. V. Regnault ; 114° according to W. Ramsay 
' and S. Young ; and 116*1° according to A. Ladenbcrg.-^ A liquid can exist only 
? when the press, is greater than its vap. press, ; when the press, is less, tlie substance 
j can exist only as a gas. If a fusible substance is under a lower press, than corre- 
sponds with its vap. press, at the m.p., it cannot melt wlicn heated, but j>asses at 
once into the gaseous state— tliis press, has been callec^ the critical pressure ol the 
solid* The principle is readily illustrated by the following experiment : 

If a solid piece of mercuric chloride be plofiod in a glass tube closed afc one end and 
connected with an air pump at the other, it is impossible to molt the salt when the press, 
is below about 400 rani., however groat the temp, applied ; the solid merely sublimes. If 
the press, rises above 450 mm. the solid fuses. 
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The vap. ]>reHJi. eiivve of solid iodine is indurated by PO^ Fi^. JO; that of liquid 
iodine by Oi> ; and the elleet of press, on the in.p. of iodine l)y OiV. At the triple 
point 0 tliesc oiirves meet. Fig. 18 shows a siinilar curve for water. The curve 
PO thus r(qneseuts the sublimation curve or hoar-frost line; iK\ the boiling or 
vaporization curve, i.v. the ellect of press, on the b.p. of the liquid. The same 
pheno!ue,n()u occurs with wat(‘r, iodine, etc.., and tlie juinciple involved is the same 
as indi(!atcd in the law represented by Clapeyron-Clausius' e(piations with resj)ect 
to the lowering of the m.p. by an inen^ase of jucss. ( V)nse({uently, if the vap. 
press, of iodine be less than thfit of the tri])le j)ojnt, the solid does not iuelt, but 
rather sublimes dinu-tly without melting at the triple point at 114*15'' (8q*8 mm.) 
and A. von Kichter at 11G I‘" (bO mm.). According to R. W. Wood, if tlie 
condensation of iodine vapour oceans above a black granular deposit is 

formed, but ))(4ovv that temp, a deep rod film is produced. 

The melting of bromine or of iodine is attended by an ex])ansion- with br(»mim*, 
J. 1. Pierre found a (i per cent, (‘xpansioii, M. 4\K3pler found an ex[)ar».siori of I 
c.c. ]>er gram of bromine, and c.c. per gram of iodine. Ibmce, by (lansius 

and Clapeyroji’s equation the jn.p. of bromine is raised 0*0203 ^ ]>er atm. rise of press., 
and iodine, ()'0314'' per atm. rise of press. 

The heats of vaporization and fusion.-- Ac<u)rding to R. Knietseh,^- tlie lu^at of 
vaporization of li([iiid ehiorine is (>7*38 eals. per gram, or 4 ‘78 CaJs. per mol. at 
and G2‘7 eals. per gram at T. Kstreicher and A. Schnerr found at 





— 35‘8'', G]*U cals, piu gram or 4 ‘31) Cals, per mol. M. IV.llaton gets (M‘7 <;a]s. at 
— 22^ and 58*2 cals, at 8'^. T. Andrews found the latent lieat of vaporization of 
bromine at its b.p. to be 45 G cals, per gram, and If. V. Regnault found that 501)5 

cals, were involved in cond(*nsing toa liquid one gram, 
of bromine vajiour at its b.p. and cooling tlie ]i<[uid 
to 0 ' ; if the sp. lit. of licjuid bromiiu* be O foS, the 
heat of vaporization is 44 ‘15 cals. [>or gram at tin* 1).]). 
The latent Jieat of vaporization of solid bromine, 
according to T. Isnardi, is G0*7 cals, pin' gram ; and 
for iodine, according to K. Tsurata. 81 cals, pin- grajii ; 
and Mil* mol. ht. of vaporization of liquid iodine is 
10 57 Cals., or 10-(»,5 Cals, according to J, Dewar. 3’his 
is ill good agreement with Trout on’s rule, as is also 
the case with bromine and chlorine. 

According to T. Estrciclier and M. fStaniewsky, Die 
lunit of. fusion of solid chlorine is, at-- l08'\ 22‘1)G <‘als. 
per gram ; II. Y. Regnault’s value for solid bromine is 
1G‘185 cals, j)er gram, or 2’G Cals, per mol. The cal- 
culated lieat of fusion of iodine is 2*G2 cals. ])er gram, 
or 3‘29 Cals. ])er nu)!., and ,1. Dewar’s value for the 
difference lietween the obvServeil heats of sublimation 
and vaporization is 3'78 Cals, fie.r mol. 13ie heat of sublimation of iodini^ at its 
m.p. is I IGG (^als. ; J. Dewar gives 14*43 Cals.; R. Naiimann, 11*1)G (Vils. ; 
W. Nernst, 13 b I (.!als. at loD; (b P. Baxter, 15‘1 Cals, liet-weeii 7*5'' and 52*5 '. 
The heat of fusion of iodine at 111' is estimated by G. N. Lewis and M. Randall 
to be 7*27 and the increase of free energy acconqianying the change is 

2f)^M)--5*177\ so that at 2f)8" K., the increase in the free energy of iodine in passing 
from the solid to the liipiid state, is 4*G() Cals., and in passing from the solid to the 
gaseous state, at 2b8 ’ K,, 4-G4 (’als. (L P. JLixtcr. C. Jl. Ifickey, and \W C. Holmes 
found for t he increase in free energy in ]>assing from the solid to the gaseous state 
at T\ IGb(M) 1 G‘7r log T 0 t)()2()r-i -78*73T ; and (b N. Lewis and M. Randall, 
2G275 I l‘()7^ log T 1()'3G7\ JL Arctowsky found the s]>e<*d t>f sublimation to 
deerease with increase of press., being twelve times as great at about IG mm. press, 
as it is at 7G() mm. 

The specific heat and thermal conductivity.™ A. Campetti^-* found the thermal 
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coaductivity of ohlorino is uboiii 0*8 tiin<\s that of air, and it; is jiot altered by the. 
iusolatioii of the i^as. The data f<»r the sp. lit. of the Iialoj^ens are sonu‘what meagre 
in (‘oinparison with some of tiie other j^ases ; tlioy siiih(*(‘, however, to show that the 
mol. lit. are hi^dier tliau is usually the ease with diatomic ^ases ; ajul that the 
ratios of the two sp. lit. are lower. H. Y. lle^Jiault/s values for the two sp. ht. of 
gaseous chlorine an? --01241 and fV 0*t)l)h between 13^ and 202*^’, lienee 
(yt r20L K. Streeker's values for Vp and ( V are rather smaller, and Martini's 
value's smaller still -he ^ives ; ( V- t) (^83 ; tyf -, 1*330. The mol. lit, 

of ehlorine, J/f ^^,,™^8'80 and il/(> -"0*81, are higher than is usual for diatomic gases, 
for which ^0 885 ; J/( V -4*110<^ ; il/f yiWf-Y- 1*41. M. I’icr suggests that this 
is due to the dissociation of imaginary Cl^ molecules. 1’lie [ilicuomeiioii has been 
discussed in connection with the sp. lit. of gases. M. Trautz found that the wave 
length in Kundt’s tube alters when the gas is exposed to light ; J. W. Mellor could 
detec'-t no dilTerenee. 

M. Pier measun'd the mol. lit. of <‘hl()rine, J/fV, at temp, u]) to 170T\ and found 
that up to 1400^ tlu^ results i^ould be repnvsented by fi’TtM ±P*n()0r) cals., 

wlum th(i corresponding value for normal diatomic gas(»s is Mi\ - I'DtK) ±()*(j0()45 
cals. The mol. ht. of chlorine rises from b*P)4 at 1288" to ()'317 at 1335", to 3*677 
at 1 to 7’3()() at 1337", and to 8-250 at 1804". It is supposed t hat the dissocia- 
tion of chlorine molecules, CI 2 , into atoms, 2C1, explains the large consumption of 
heat above 1150". i\f. Trautz found that j\W„ for chlorine at one atm. ])rcss. 
I)etwe(‘n 25 ' and PM)" is 5*22 ; between 25*^ and 150", 5*35 ; and between 25*^ and 2(.K)", 
5- 17 ; and he obtained a smaller value for (\, when the gas is exposed to the light of 
a (|uaitz laiii[). On the eontrary. A. Oainpetti found that illumination made no 
(lifjVreiK'e to any of the ])hysieal properties he measurc‘d. 

H. V. Uegnault's two values for bromine gas are ('^, -0 0555 andO‘05518 between 
80" and 230" ; and for the mol. ht,, il/Oy,~8*80 ; J/CV— -3*80. K. Btrecker found 
1*2‘.)2 for the ratio between 20^ and 388", where the result is not apprei-iably 

alTecled by Omi]). changes. fOmce K. Btrecker gives the values 0*0553 and 
( ^,, -0*0128. M. Bodenstein and A. (huger used the ex|)ression MCp ()*5-l-0'PPb*'!7^ 
for the mol. ht., of bromine gas at the absolute tern]). T, but there is a consider- 
able amount of uncertainty about the accuracy of this expression. T. Kstrci(dier 
and xM. Btaniewsky found the sp. ht. of bromine between — 132" and --8(V^ to be 
0*0727 Oal. ; and the at. lit,, 5*til. K. Btrecki'r's value for the sj). ht. of iodine 
vapour between 250^ and 377 ' is either (/^,=::^0*0343 or 0*0333, according as the vapour 
density of iodine be taken as 8*713 or 8*758. The value for is 0*0257, and the 
ratio of the two sp, ht., (/y V — 1*307. The. mol. lit. is aci'ordingly 8*7 between 
the indicated temp. Estreieher and M. Btaniewsky found the sp. ht. and at. ht, of 
iodine between -131" and 80" to be respectively 0’(H51 Cal. and 5*73 ; and between 
— 30" and 17", res])ee.tively 0*04852 Cal. and 3*13. 

All the halogens have larger mol. ht. than i\ui usual values fur diatomic gases, 
and this nmn*. i he greater the at. wt. of the element. (C Starrk and M. Bodenstein 
rojircscmt the mol. ht. at tfio absolute teni]). 1\ by the em])iricul formula 3*5 

1-0*00387’ ; au<l (1. N. Lewis and M. Itaiidall provisionally ])ro]K)sc G’5-| 0*0042' 
for all tluMM*. halogims. 

The sp. fit. of li<|ui(l chlorine between 0" and 24" is, according toll. Knietsch,*^^ 
0*2232 ; and be.tweeri — 80" and 15", according to T. Estreieher and M. Btaniewsky, 
0 * 2230 . If. W Uegnault’s value for liipid bromine between 13*21" and 58*36*^’ is 
0*11234 cal. ; between 1 1*57" and 48*35", 0*11034 cal. ; and between -3*23" and 10*4", 
0*10513. He also found that the value of this constant decreases as the tmnj). of 
* the determination is lowered, so tluit hetweem - 7*3" and lO", the value is ()*103 cal., 
and b(*twoen 3" and 14", 0*108 cal. T. Andrews also obtained the value 0*0171 cal. 
for liquid bromine between 11" and 45". According to R. Abegg and E. Halla, the 
sp. lit. of liquiil iodine between 114" and 185", 0*0330, and tlu' at. lit., 8*01. 

’rh(‘ sp. ht. of solid chlorine between -132" ami I 08 ", according to T. P]streieher 
and M. Btaniewsky, is 0*1443, which makes the at. ht. of solid chlorine 5*13. Eor 
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solid hroiuint', H. Regtiault obtained 0*087 oal. between -»-77'75'' and 0*19 
008‘2 nal. between 17b° and • 22 *33 '—say, as a mean 0*084. This tnakes the 
at. ht. of solid bi'oinine, 6*71 . H. Darschall found tho sp. ht. of solid bromine between 
—77° and —183° to be 0*073 ; and F. Koref, 0*075 between —81*1'^ and —190*8°. 
From a determination of tho sp. ht. of antimony tribromidc L. von Tebal and 
H. .lalin obtained 0*52 for the at. lit. of bromine between 0° and 33° ; and 5*07 


between —21" and -80°. The sp. ht. of solid iodine between 9° and 98° is 0*05412 
according to H. V. Regnnult, and W. Nernst found the at. ht. at —244*7°, 3*78 ; 
—239*5°, 3*97 ; —229*5°, 4*17 ; --196°, 5*38 ; -87°, 5*92 ; -38°, 6*36 ; and at 


25°, 6*64. 

J. Dewar reported that at — 223°, or 50° K. 


Chlorine. Bromine. liHline. 

Specific heal . . * 0*0967 0*0453 0‘0361 

Atuiiiic heat • . . 3*43 3*62 4*59 


Acconling to (I. N. Lewis iirid (i. E. (»ibsoii,35 the entropy of liquid broniiiie at 
25'' is 16*5 per inol., where the increase of entropy in passing from absolute zero to 
the ni.p. T is (f) jCpd log 12*7 ; the increase of entropy in jiassiiig [roin the solid 
to the liquid state at f K. is 1200/266 -4*85 ; and the increase in ])assing from the 
liquid state at 26(r K. to that at 298"' K. is 0*95. Similarly, the entrojiy of chlorine 
gas at 25” is 27*8 per mol., where the increase in passing from absolute zero to the 
m.p, T of the solid is log T~.S) i ; the increase in passing from the solid 

to the liquid is 817/171—4*77 ; in ])assing from the m.p. to the b.])., 2*63 ; in ])assing 
from the liquid to the gas, 10*43 ; and in passing from the b,p. to 298 ’ K., 0*83. The 
entropy of iodine at 25” is 15*1 ])er mol., where the increase of entrojiy in passing 
from absolute zero to 298” K, is <f>~-jGpd log T-d5‘l. K. V. Tolman’s vom- 
putations yield more than double these values. 

(}. N. Lewis and M. Randall give for the free energy of formation at 25” of 
solid 1, 0 cals., and of soli<i Br, 157 cals. ; of liquid Br, 0 cals. ; of liquid 1, 
460 cals. ; of gaseous Br.^, 755 cals. ; of gaseous I 2 , 400 cals. ; of gaseous Br, 22,328 
cals. ; of gaseous 1, 16.965 cals, ; of aq. Br*^, 977 cals. ; of aq. I 2 , 3926 cals. ; of a 
carbon tetrachloride solii. of Br 2 , 389 cals. E. Briner estimates t he heat of format ion 
201 -CL to be 1130 Cals, at 1670”, when the equilibrium constant is 0*01 ; for 
bromine 2Br- Br 2 1-57*0 (Vils. at 1050”— equilibrium constant 0*06 ; and for iodine 
21—^2 f 32*4 CVils, at 1390” equilibrium constant 0*66. The ratio of the kinetic 
energy of translatory motion to the total energy of motion for molecules of 
gaseous oxygen, nitrogen, liydrogen, and the like is 0*607 ; for the three halogens 
this ratio is much smaller, being 0*48 for chlorine, 0*44 for bromine, and 0*46 for 
iodine. 

The refraction coefficients. — The index of refraction of chlorine gas 1*000772 
for white light was determined by 1\ L. Bulong in 1826, and confirmed by 
M. CrouUebois in 1870. Tlui indices for the C, 7), E, and O lines are 1*000699 (( '), 
l'(XX)773 {D)f l’(KX)792 {li), and l‘(K)(j840 (fV) ; and according to C. and M. Cutlibcrt- 
son for light of wave length (/Xju) 

Wave length . 480*0 520*9 ’ 570*9 643*8 670*8/iu 

Index of refraeliuu . i 00079[66 1 00078651 1*00078135 1*0007703 1*00077563 

«l. 11. (fladstone estiniatcd the refractioji eq. of chlorine in its conqmunds to be 
10*05 ; and later determinations by E. Conrady, J. W, Briihl, and E. Eisenlohr, 
give for the 11- and the Nadines Ha, 5*933 ; A 5-961; H^, 6*043; Hy, 610L 
TJie refra(d.ion ei]. of the chlorine atom in the acid chlorides is ratlier higher, viz. 
—6*3 to 6*1. M. (houllebois’ value for the dispersion of chlorine ■/xr)/(/x/;’ — 1) 

--()*17<S0; the atomic dispcr.siori Jly Ha “ 0*168. According to L. Bleekrode, 
the refractive index of liquid chlorine for the 77-line is 1-367 at 14”; or 1*385, 
according to J, Dechant, with a variation of 0*0(X)98 per 1”. This gives for the 
specific refraction of the liquid by the /^-formula 0*27, and by the /x2*formula, 0*169 ; 
and for the gas respectively 0*24 and 0*16. 
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The index of refraction of bromine gas at ()"" and 7G0 mm. for the /Mine is 1*001152 
according to E. Mascart. The atomic refraction of lu|iiid brornim', according to 
J. H. Gladstone, is 15*3 ; and, according to J. W. Briihl, 8*455 by the ft“-formula. 
The specific refraction, according to A. llaagen, is 0‘H)18. The refractive indices of 
liquid bromine, selected from measurements by C. Riviere, for rays of different 
wave lengths, at different temp, as indicated in Table I. These data show that’ the 


Tablk I. — Ukfractivb iNnicjKS OF Liquid Bromine. 


>Vave longUi. 


liiOtiX of refraction. 



10“ 

15“ 

20“ 

*25“ 

7(H) !) .... 

1 *6508 

1*6327 

1*6280 

1*0226 

(.1-lino) 

1*6394 

1 *6:152 

J *6:105 

1*6250 

701-7 . 

1*6453 

J -0108 

1-6:158 

1 *6:104 

870-8 (Li-liiie) 

1*6495 

1*6447 

1 6:i97 

1 *6:143 

dM-r, .... 

1*6557 

. — . 

■ — • 

1-6401 

5!)2-.'> .... 

. — 

w . 


1*6475 

53!) 0 (l)j-liiio) 

— 


1*6543 

1*6483 


refractive index of the lupiid is greater the greater the wave length, and the lower 
the, teni]). At 20'', the dispersion between the vl- and Z>-lines is 0*037, which is 
greater than the corresponding value for carbon disulj)hide. 

The refractive index of iodine vapour for tlie red and violet lines from a cadmium 
electrode is l*(X1205 for the rod, 1*00192 for the violet at 10'' ; 0. and M. Cuthbertson 
give for light of different wave lengths (fifi), 

Wave length . . 070*8 C2l‘.> 500 0 510*0 500 /li/x 

Index of refraction • l OOlOTO l*O02ia0 1*002170 1*002210 1*002120 

According to F. P. le Roux, like all vapours with a large selective absorption, 
iodine has an anomalous dispersion since it increases with a fall of temp., being about 
0*00 frojn A. Hiirioirs measurements- approximately as large a negative number as 
glass is positive. The atomic refraction of solid iodine is 24*5 by the /r-formula, 
and 14*12 by the //.‘^-formula. 

T'lie rcfractivities of the four halogens— ?.r. the refractive index less unity 
multi})licd by 10<5 — arc F, 195 ; Cl, 708 ; Br, 1125 ; I, 1920 (violet) and 2050 (red). 
According to C. Cuthbertson and E. B. R. Prideanx, if referred to fluorine unity, 
these constants arc nearly in the ratio 1 ; 4 ; 6 ; 10, A similar ratio occurs with 
neon, argon, krypton, and xenon. 

What C. and M. Cuthbertson call the dispersion, (/x— 1)10^, for light of different 
wave lengths, is 775*03 for chlorine gas for light of wave length 070*8/x^ ; 784*00 
for 540 1/x/x; and 791*06 for 480*0/x/x ; or /x-~l--7*313X 1027/(9029*4 X 10— w-). 
For bromine gas, the dispersion is 1152*5 for 070*8/x/x ; 1174*1 for 575*0fi^ ; and 
1184*9 for 546-1/x/x or /x--l -^4*2838 X 1027/(3919*2 X 10*J7~- ; and for iodine gas, 

1070 for 07O-8/X/X ; 2130 for 018*0/x/x ; and 2120 for 500 0/x/x. 

The spectra ol the halogens. — In 1805, D. Forbes showed that clilorine colours 
a flame of a Bunsen burner or of a spirit lamp, green ; so do chlorine compounds after 
they have been treated with sulphuric add. The line 8j)ectrum of the halogens 
obtained by the electric sj)ark has been measured by J. Pliickcr and W. Hittorf, 
(r. Salet, A. J. Angstrom, and J. M. Edcr and E. Valenta. Most of the lines in the 
spark spectrum of chlorine fall between 27*6 and 075*8/x/x, but the majority arc at 
the violet end of the spectrum. The spectrum of chlorine has been more particularly 
studied by J. M. Eder and E, Valenta, who recorded about 400 lines, most of which 
were in the ultraviolet, although some extended into the blue, green, yellow, and 
red. Those ip the violet and ultraviolet arc sharper than those in the green or yellow. 
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which latter arc, for the most part, broad or indistinct. The line spectrum of 
chlorine can be observed by tlie discharge in a vaciiuni tube containing chlorine at 50 
to 100 mm. press. ; by sparking the gas at ordinary press. ; and from fused chlorides, 
or minerals containing chlorine. The most j)ronounced lines of chlorine are the 
four in tlie yellowish-green ; a bright green line, and a grou]) of lines — three of which 
are very bright — in the blue. The bromine spectrum is still richer in lines than that 
of chlorine -the brightest are a group in the blue and one group in the green. The 
spectrum of iodine in turn is richer in lines than tliat of bromine — the brightest are 
a group in the yellow, and a group in the green ; there are also many blue lines. If 
the intensity of a spectral line be represented by its v^ertical distance from a datum 
line, the chief spectral lines of the three halogens can be represented asinKig. 17. 
Each of tlie halogens gives two emission spectra — one with tlie continuous discharge, 
and the other with the oscillatory discharge. With iodine, if any of the solid be 
present in the tube during the oscillatory discharge, the vap. press., is so soon altered 
by the heat of the discharge ; as a result, the discharge is dainj)od and the non- 
oscillatory discharge appears. Hence, with iodine, the oscillatory discharge can 
be obtained only for a few minutes. G. L. (hamician specially studied the successive 
changes which variations of press, have upon the s])eotra of the halogens. He found 
that lines which are visible under one press, vanish at another press., because. 



Fig. 17. — Chief Special Lines of Chloriiio, JiruTuiru', mitl lotlino. 


according to A. Schuster, there is “ a mixture of several oveila]>ping spectra,” In 
general, an increase of press, increases the intensity of tlie line spectrum, and causes 
new lines towards the red to become visible. Bromine and iodine also show line or 
spark spectra under the same conditions as the chlorine spectrum when the elect ric 
discharge in a vacuum tube passes through the vapours of these elements. J . M. Edcr 
and E. Valenta showed that bromino vapour at a low preSvS. — 8 to 10 mru. — has a 
distinct and characteristic line spectrum. If tlie press, is lowered, the spectrum 
becomes faint, and the lines are broadened. Besides the line spectrum there is a 
continuous spectrum in the violet at low press, and still a third spectrum at a 
press, of .45 mm., which seems to correspond with the normal baud spectrum of other 
elements. The flame of hydrogen containing bromine gives a continuous spectrum, 
so does bromine vapour heated at low redness in a glass tube. 

The sat. vapour of iodine in a layer 0*1 metre thick, is opaque to daylight or to 
candle-light ; the vapour a])pears at the edges to be blue by transmitted light, black 
by reflected light ; and, according to C. F. Schonbeiu, it appears to be the blacker# 
the higher the temp., owing to an increasing absorptive power for light. C, S. Sellak 
says that a thin layer of solid or molten iodine transmits only the rays in the 
extreme red. The fine purple colour of iodine vapour is due to its transmitting 
freely the blue and red rays of the spectrum, wdiile it absorbs nearly all the green ; 
but if the iodine vapour is in thick layers it absorbs the red rays, and the trans- 
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mitted light is j)urely blue. A soln. of iodine in carbon disulphide exhibits 
the same phenomena since it appears blue or purple according to its density. The 
red alcoholic soln. does not show this phenomenon. The spark spectrum of a 
trace of iodine vapour in a vacuum tube shows bright characteristic lines. This 
spectrum docs not correspond with the absoqjtion spectrum btit, according to 
G. Salet, if a low-tension current is passed through a vacuum tube containing iodine, 
the spectrum shows a set of bands identical in position with the absorption spectrum 
of R. T. Thalen. 

The absorption or band spectrum of cJdorine was examined by W, A. Miller in 
1845 and E. Robiquet in 1859, but they failed to detect a line absorption spectrum 
witli chlorine, although one had been previously noted by W. A. Miller in 1833 with 
bromine and with iodine. A. Morren (1869) and D. Gernez (1872) obtained the 
desired line spectrum by using a long tube — say, 2 metres in length — filled with the 
gas. G. H. Liveing and J . Dewar found that a small quantity of chlorine gave a wide 
absorption band stretching in the ultraviolet from 356 to 3()2/Lt/x, wliich widened as 
the amount of chlorine was iiuiieascd until they obtained a band stretching from 
465 to 263/i/r (Fig. 18). J. Tyndall found that with the exception of air, nitrogen, 
and hydrogen, chlorine gas absorbed the long heat rays less than any gas he tried, 
while K. Angstrom and W. rahnaer found a single band in the infra*red spectrum 
stretching from 323 to 607 fxfi with a maximum at 428/x/x ; B. R. Laird measured the 
complete absorption spectrum of chlorine at ordinary temj)., and found a very 
broad total absorption band in the violet region, a line absorption in the blue, green, 
and yellow, particularly rich in the region between 545 and 480/x/x, and weakening 
at both ends. The lines do not coincide with the known lines in the emission or 
si)aTk spectrum of chlorine, although some lines are nearly coincident. With an 
increase of press., the absorption band in the violet region broadens out rapidly on 
the less refrangible side and more slowly on the more refrangible side ; a decrease 
of press, does not break the absorption band into lines. W. W. Coblentz has 
measured the ultra-red spectrum of thin layers of iodine, and found the vapour to 
be transparent for a wave-length 2*74/x ; and with thicker layers the absorption 
between l*2jLt and 2'7 is constant, W. Burmeister found no infra-red absorption 
bands in the absorption spectra of chlorine and bromine. According to R. W. Wood 
(1896), when iodine (or bromine) vapour is mixed with the vapours of carbon disul- 
phide, a portion of the iodine (or bromine) exists in a state of soln., and gives an 
absorption spectrum devoid of lines or bands, while another portion exists in the 
state of a gas, and gives a fine-line absorption spectrum. With a given density of 
the vapour of the solvent, a portion of the halogen can be vaporized without its 
showing the gas absorption spectrum, but if a little more halogen be vaporized, the 
tine lines of the gas absorption s])cctrum of iodine appear. 

The absorption spectrum of liquid chlorine is quite different from that of the 
gas, 0. Grange found an absorption in the extreme red down to about 697 or 686/xfi, 
and from there to about 512/x/x red, orange, yellow, and green light is transmitted ; 
absorption begins at 512fi/i, and is complete in the blue and violet at 503/xfi. Bromine 
and iodine vapours like clilorine show a characteristic absorption spectra with many 
lines. With decreasing atomic weight, an increasing amount of gas must be used to 
render the absorption lines visible and distinct. Thus, B, Hasselberg required a 
column of iodine 10 cm. thick, bromine 75 cm., and chlorine 137 cm. to show the 
absorption lines. The absorption lines shift towards the. red with increasing at, wt. 
This is usually characteristic of the behaviour of the emission spectra of a 
family group of elements. B. Hasselberg also measured about ,‘KXX) lines in the 
• absorption spectrum of iodine, 25^)0 in the bromine spectrum, ami about 1CK)0 in the 
chlorine spectrum. The number and sharpness of the absorption lines of the halogens 
thus increase with increasing at. wt. With a higher dispersion, E. R. Laird has 
shown that the bands of the absorption spectra of iodine and bromine recorded by 
the early observers are composed of a number of lines. These bands appear as 
channellings in the spectra and make the spectra appear somewhat similar. Iodine 
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shows these channellings most distinctly, and hromino and chlorine with di^nishing 
distinctness. The absorption spectrum of iodine and bromine vapours disappears 
when the dissociation is high, presumably because the monatomic molecules give 
no absorption in the visible spectrum ; the observed absorption ^ectrum is due 
to diatomic molecijiles. Tli6 temp, at which the absorption spectrum disappears is 
higher with bromine than with iodine^ and it is augmented by press. R. W. Wcmd 
estimated that there are between 40,000 and 50,000 lines in the absorption 
spectrum of iodine. 

G. D. Liyeing and J. Dewar found that bromine vapour gives an absorption band 
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Fia. 18.~Ultraviolet Absorption Spectra of the Halogen Oases. 


in the ultraviolet, which begins in the visible spectrum and extends to the solar 
" i-liiie, when small quantities of bromine are present, Fig. 18, and to the solar P-lino 
when more bromine is present. From this point to the line 250/ift, the vapour is 
transparent, and, after that, the absorption increases with the refrangibility of the 
rays. C. Riband has also studied the tiltraviolet spectrum of bromine up to 630^. 
TWn layers of iodine vapour are transparent for the ultraviolet rays, but there is a 
strong absorption in the violet region ot the visible spectrum ; with thicker layers 
of bromine the absorption extends nearly to the solar //-line, Fig. 19, but the vapour 
is still transparent for rays more refrangible than the //-line. The absorption band 
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Fio. 19.*— lUtravoilot Absorption Spectra of Liquid Bromine and Iodine. 



in the ultraviolet spectra of chlorine, bromine, and iodine gases is thus shifted 
towards the less refrangible or red-end of the spectrum as the at, wt, of the element 
increases, until with iodine, the absorption band appears in the visible spectrum. 
A film of liquid bromine between two quartz plates has an absorption band, Fig. 19, 
which ends just where the transparency of the vapour begins, while the film is opaque 
for rays above and below this band. With soln. of iodine in carbon disulphide, the 
spectrum is also transparent for a certain distance, Fig. 18, but is shifted to a less 
refrangible region lying between the solar Q- and itf-lines. 
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M. de Broglie, wooing with the zinc compounds of the elements, found the high* 
frequency spectra of iodine and tellurium to follow one another in accord with their 
chemical properties ; 1. Maimer, working with the elements, found that order to be 
reversed. M. Siegbahn^** showed that M. de Broglie and I. Maimer used the secondary 
radiations ; and with primary radiations he found the order to be that given by 
I. Maimer, viz. tellurium — ^iodine. The wave-lengths for the oj- and jS^-lines agree 
well with the series : 


At. numbers N 

te ; 


ca 

In 

Sa 

Sb 

To 

I 

. . Ba 

48 

49 

60 

51 

52 

53 . 

. * 66 

1*364 

1*406 

1*435 

1*461 

1*480 

1*513 . 

• • 1*605 

1*450 

1*485 

1*521 

1*551 

1*573 

1*606 . 

• * 1*707 


R. W. Wood has shown that if a glass bulb with a few flakes of iodine be e.T- 
hausted and sealed, a yellowish-green fluorescence appears if a beam of sunlight or 
arc-light is focussed on the centre of the bulb ; if the bulb contains air at atm. 
press., no fluorescence occurs. Only when the prera. is reduced to about 150 mm. 
does a feeble fluorescence appear. The intensity of the fluorescence gradually 
increases as the press, is further reduced ; the most rapid change occurs when the 
press, changes from 10 cm. to that of a high vacuum. With hydrogen the fluorescence 
appears when the press, is about 300 mm. higher than with air. If the bulb is warmed 
the fluorescence appears at higher press. R. W. Wood explains this by assuming 
that air at 15 cm. press, is able to dissolve all the iodine which vaporizes at ordinary 
temp., but by a rise of temp, and consequent increased vapour press, of iodine, some 
iodine remains undissolved by the air, and it is this portion only which fluoresces. 
The fliuoresoent spectmm has a number of bands extending from the orange-red 
into the greenish-blue. R. W. Wood also found that when iodine vapour is heated 
in a sealed quartz bulb to about 700“, a luminous red cloud is formed — which in 
thin layers gives a banded spectrum resembling the fluorescent spectrum but dis- 
placed a little more towards the red. Heated iodine vapour is probably luminous, 
as is shown by G, Salet’s experiment ; 


The room was made dark and when a hot glass tube had cooled until it was just barely 
visible, a fragment of iodine was thrown into tire tube, which thereupon iUled with luminous 
vapours. To obtain more brilliancy one heats the vapour of iodine in a Bohemian glass 
tube by moans of an enameller’s lamp. The contents of the tube look like a rod-hot bar of 
iron. One may also volatilize iodine around a platinum spiral brought to a vivid incan- 
descence ; the luminous vapour rises like a real flame about the spirtfl. It is a case 
of flante without combuotion. The light from the iodine gives a oontinuous spectrum, or 
rather a confused primary spectrum ; one perceives traces of characteristic channellings 
but no lines of the secondary spectrum. 


J. Evershed, and A. Smitliells confirmed and extended these experiments ; the 
former added : 

To sum up, then, it appears that besides iodine,; the vapours of bromine, chlorine, sulphur, 
selenium, and arsenic can all be made more or less incandescent by heating to tho temp, 
at which the glass combustion tube softens, luid’ the light emitted by each of these glowing 
vapours appears to give a perfectly continuous spectrum ; while the corresponding absorp- 
tion spectra are se&otive. Thus there is no such close relation between omission and 
absorption as is implied by Kirchhoff’a law of radiating bodies* There seems, however, 
to bo a general relation between the. total absorbing and radiating power for tho visible 
rays ; those vapours which are higlily coloured and absorb strongly in the visible spectrum 
also radiate conspicuously in that part of the spectrum ; while colourless, non-^absorbing 
vapours, such as phosphorus, emit no perceptible light when heated* 

H* Konon showed that the tfaemo-luminescence of iodine vapour begins at about 
550% and is stronger the dens^t the vapour, and he adds that the glow BDeCtrum of 
iodine is specially interesting because it is one of the few cases where a Visible spectrum 
is obtained by merely heating a gas. According to W. Friederiohs, the banded 
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absorption spectrum of iodine increases with temp, up id iSDO®, but decreases at 
higher temp, until finally it disappears. At 1250^, a continuous emission spectrum 
was obtained by C. Fredenhagen. Hence it* is concluded that the band absorption 
spectrum is an effect of the diatomic molecules, and becomes weaker as the one- 
atom molecules begin to form. When a substance is exposed to a beam of radiant 
energy — say solar light — ►radiations of a certain wave-length arc absorbed, and the 
energy is expended in inaugurating or stimulating intra-molecuJar or intra-atomic 
"Vibrations. The general effect is to raise the temp, of the body. Waves with a short 
period of vibration are absorbed, and emitted as heat radiations with a longer period 
" of vibration. There is thus a degradation of radiant energy from, waves of a short 
period to waves of a long period. In the case of fluorescent substances, light waves 
of short period — c.//. those at the violet end of the spectrum — are absorbed and 
emitted again as light waves of lower refrangibility. 

Violet or ultraviolet radiations may be absorbed and emitted again as green 
or red rays. This phenomenon is termed jiuoreaccnee when the photo-lumin- 
escence is transient and shows only while the body is actually exposed to the light 
stimulus — e.g. quinine scheelite, fluorspar, uranium glass, barium platino- 
cyanide, etc. — and phosphorescence when the photo-luminescence persists after 
the stimulant light has ceased to act on the body — e,g. Bologna-stone, Balmain's 
luminous paint, Canton’s phosphorus, and other sulphides of the alkaline earths, 
some diamonds, etc. G. G, Stokes ^2 illustrated the phenomenon by the following 
simile ; 

Suppose you had a number of ahipfl at rest on an ocean perfectly calm. Supposing 
now a seriofl of waves, without any wind, were propagated from a storm at a distance along 
the ocean; they would agitate the ships, which would move backwards and forwards; 
but the time of swing of the ship would depend on its natural oscillation, and woiJd not 
necessarily synchronize with the perio<lic time of the waves which agitated the ship in the 
first instance, 'fhe ship being thus thrown into a state of agitation would prodiu’c waves, 
which wouhJ l>o propogated from it in all directions. This J conceive to be a rough dynamical 
illustration of what takes pla(!e in this actual phenoiTHmon, namely, that the incidence of 
ethereal waves causes a certain agitation in the ultimate molecules (or atoms) of the body, 
and causes them to be in turn oontre^s of agitation to the other. 

In fine, when the ultimate particles of a fluorescent substance arc agitated by 
ether waves from, say, a source of light, they send out fresh waves of their own. 
The emitted radiations are of shorter wave-length than the absorbed radiations. 
The rate of transformation of the radiations from a high to a lower refrangilulity 
is rapid with fluorescent substances, and much slower with phosphorescent 
substances. The absorbed energy may be dispersed in other ways than in 
developing fluorescent and phosphorescent effects — e,g, it may manifest itself 
in chemical action — which is utilized in photography ; and it may be expended 
in augmenting the translatory motions of the molecules and be dissipated in the 
form of heat. In the converse phenomenon, thcrnio-lumincsecnce or calorescence^ 
the radiant energy supplied to the body as heat is so transformed that the body 
becomes luminous in the dark—c.ij, some of the green varieties of fluorspar, 
scheelite, etc. 

G. G. Stokes’ rule that the exciting light is of shorter wm)eAev^ifh and greater 
freqtiency than that of the excited light is true only in certain cases. In the case of 
bodies which do not obey Stokes’ law, fluorescjcnce is induced only when the incident 
light coincides in frequency with one of the sharp absorption bands of the substance, 
as R. W. Wood showed to be the case with sodium and iodine. P. Lemird’s^^ 
hypothesis assumes that the incident light causes the liberation of electrons from 
the atoms of the i>hosphore8Cftnt substance, and that light is subsequently emitted 
when the ejected electrons return to the atoms. This return occupies an appreciable 
time with substanc'cs which have a small electrical conductivity, and, ex hypothesis 
, oppose a great resistance to the motion of the ele<‘tn)ns. The return of the ejected 
electrons is facilitated by a rise of temp, which increases the conductivity. The 
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theory does not accotkit for the extraordinary influence of extremely small changes 
in the composition of the phosphorescent substance. 

S. Landau and E, Stenz examined the effect of low temp, and dissociation on the 
fluorescence of iodine vapour at low press. Fluorescence decreases as the temp, 
is raised, but does not cease at 800®, Dissociation destroys both fluorescence and 
the resonance spectra. It is therefore inferred that the complex vibrating system 
is not inherent in the atom, but in the molecule ; that the structure of the atom is 
relatively simple ; and that, in all probability, the absorption lines which are so 
characteristic of diatomic iodine and so sensitive to the action of monochromatic 
light, do not belong to the absorption spectrum of monatomic iodine. 

W. Steubing found that the intensity of the fluorescence of iodine vapour is 
weakened between the poles of a powerful electromagnet. The result has nothing 
to do with the Zeeman effect, and has no connection with effects produced by 
admixture with gases, solvents, etc. It is produced by a direct action of the 
magnetic field on the electrons causing the band spectrum weakening the individual 
vibrations. 

In 1871, E. Buddo showed that when chlorine is exposed to light rays of high 
refrangibility, an expansion — called the Budde effect — occurs and the temp, rises 
about 1®. This is not a direct heating effect of sunlight since the interposition of a 
screen between the source of light and the chlorine to cut off the heat rays makes 
no difference to the effect. A. Richardson showed that the photo-expansion is 
proportional to the intensity of the more refrangible rays of light. B. Budde 
suggested that the expansion may be due to the light loosening or actually decom- 
posing some of the chlorine molecules into free atoms, CI 2 (2 vol8.)^2Cl (4 vols.), 
and that the slight rise of temp, is developed by the recombination of the gelocherten 
und zersetzen ChlormoleMle, He also showed that the expansion cannot be due to 
the direct warming effect of sunlight 8U(?h as occurs, for example, when lampblack 
is exposed to the red-heat rays, because the red-heat rays are least active in producing 
the effect. J. W. Mellor showed that the iihoto-exjiansion is directly proportional 
to tlie rise of temp., and t-hat it is unnecessary to assume that the chlorine molecule 
is dissociated into atoms when exposed to the actinic rays. The phenomenon is 
thus analogous with photo-luminescence. In both cases, intramolecular vibrations 
stimulated by light arc d<‘graded into less refrangible vibrations which make 
themselves evident in the one case by a rise of temp,, and in the other case by 
luminescence. According to M. Trautz, the exj)an8ion in light is not the same as 
when an eijuivalent amount of heat is applied to the non-illuminated gas. As 
indicated above, A. ('ampetti found that ultra-violet light does not appreciably 
modify the viscosity and thermal conductivity of chlorine gas ; and, c-ontrary to 
M. Trautz’s opinion, this light does not affect the sp. ht. at constant vol. According 
to II. B. Baker and W. A. Shenstone, there is no Budde effect if the chlorine is dry, 
but it is jiroduced by dry chlorine if platinum be present. In this case the chlorine 
attacks the platinum in light not in darkness ; and in the ease of moist chlorine, 
tliere is a chemical reaction, 2C]o-[-2H20^4H0Lb02. According to V. Caldwell, 
the effect does not occur witli bromine — if so, it may be that tlie active rays must 
be those concerned in that jiortion of the absorption liand of chlorine not covered 
by that of bromine — Pig. 18. 

Electrical properties. — J . J. Thomson (1887) reported tliat when electric sparks 

were passed through iodine vapour between 200® and 230®, there was a considerable 
increase of press, which persisted for some hours. J. J. Thomson attributed this 
phenomenon to what he estimated as a 47 per cent, dissociation : 12—1* +L, 
J, J. Thomson also studied the phenomenon with c^hlorine. According to 
E. P. Perman (1891), no perceptible change of density is produced by the discharge ; 
and according to W. Kropp (191f)), there is no evidence of such a phenomenoil in 
quartz. J. J. Thomson could not detect the presence of free ions either in the 
preliminary stage of the insolation of a mixture of hydrogen and chjorine, or in the * 
later stage when the gases are actively combining. The method employed was 
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sensitive to I in 10^^ of the molecules present. M. le Blanc and M. Vollmer could 
detect no signs of ionization when the mixture was illuminated hy an osram lamp. 
The fog observed by P. V. Bcvau to be produced when a combining mixture of 
hydrogen and chlorine is expanded is not necessarily due to ionization, for P. Lenard' 
has shown that ionization, the formation of fogs, and chemical action are independent 
phenomena. G. Kiimmeirs report that a measurable ionization is produced by the 
insolation of chlorine, is thought to be based on a mal-observation due to defective 
insulation. E. Radel found that when moist chlorine is exposed to light from 
electric sparks repeated every hundredth of a second, a faint cloud can be 
detected by ultra-microscopic methods. Radiations from polonium or radium 
bromide act similarly, but the effect is weaker. 

J. S. Townsend showed that the chlorine gas liberated by the action of hydro- 
chloric acid on manganese dioxide has a strong positive electrification. The spark 
potential* V, that is, the lowest difference of potential between two electrodes required 
for sparking, is not constant for chlorine-air, nor for bromine-air.^^ oadi case, 
there is a gradual incirease with an increasing sparking distance and an im^reasing gas 
press., ultimately approaching a limiting value. The converse phenomenon obtains* 
with helium-air. There is an intense green coloration about the positive electrode 
with chlorine gas which with lower press, becomes very pale, and it then gives the 
characteristic spectrum. The falls of potential at the anode are very high with the 
halogens, presumably because the measurements are obscured by the action of the 
halogen on the elcctrodes.^^ 

A. L. Hughes and A. A. Dixon give 8*2 volts for the ionizing potential of (dilorine 
gas, and 10*0 volts for that of bromine, while the value for chlorine cah’ulatetl from 
K. T. Compton's formula F=^0*194(A’'“ 1) volt, is 4*94 volts, where K denotes 
the spjDcific induction capacity, and V the ionizing potential representing the least 
energy required to ionize the gas by the impact of electrons. The calculated value 
for fluorine is 9*84 volts. C. G. Found obtained for iofline vapour F~8*5 volts, 
E. B. Ludham found chlorine is not ionized by ultraviolet light which is caj)able 
of ionizing air. The fluorescence ])roduced in iodine vapour by light of com- 
paratively long wave-lengths led to experiments on the ionization of iodine va])our 
by exposure to light. J. Henry, E. Whiddington, and «1. Franck and W. West])hal 
obtained negative results with light deprived of jnost of the ultraviolet by passage 
through the glass of the ajjparatus. The latter, however, found that it is easier to 
produce a glow discharge in fluorescing iodine va])Our than through non-fluorescing 
vajjour ; hence it is inferred that less work is required to sej)arate an electron from a 
molecule of the vapour when it is fluorescing than when it is not. 

H. M. Vernon cx])osed chlorine in an ozone tube to the action of a silent discharge, 
and obtained no other result than a slight expansion due to the heating effect of 
the discharge. E. Briner and P]. Durand also failed to obtain a contraction— even 
jo'ioth volume under similar conditions. According to K. Kellnc^r,"*-^ when purified 
and dry bromine is ex]>osed, in double-walled tubes like ozone tubes, to the alter- 
nating current of 2r)0,0(X>-3CK),(XX) volts of a Tesla transformer, a sulphur yellow 
cry.stalline deposit is formed on the walls of the tube, and if small quantities of 
bromine are used, the whole may be transformed into this product ; it is stated that 
the glass takes no part in the change. In the absence of some confirmatory ovidenco, 
it cannot be assumed that the bromine is liere polymerized. Liquid chlorine is 
virtually a non-conductor of electricity ; according to F. Linde,^^ the conductivity 
ia smaller than 10 reciprocal ohms ; and according to W. A. Plotnikoff, that of 
liquid bromine is less than 10 ® rec. ohms ; and G. N. Lewis and P. Wheeler yflacc 
the specific conductivity of iodine at about 3 X They also find the conductivity 

of soin. of potassium iodide in liquid iodine between 120'" and 160'' is equal to that 
of the best conducting aq. soln. Solid iodine is a very bad conductor, and like other 
insulators, it develops electricity l)y friction. K. Fajans found the heat ol hydration 
of gaseous ions to Br', --32; I', - 43 kgrm. cals, ])cr gram-ion. 

.P, Lenard, W. Weick, and II. P\ Mayer calculate that in soln. : 
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' * 1?' or Br' I' 

Number of moh. of H^O per ion . li 0 B 6 

'Kafiius of complex . . . 3*9x10"® 3‘2xl0 -® 3 0xl0“ ® 2-9x 10 c-in. 


K. Lorenz, ami P. Walden estimate the diameter ^ ions o£ elilorinc in iuj. soln. 
to Jbe 2*30x10“® cm. at 18*^; ol bromine ions, 2'«xl0~® cm., and of iodine ions, 
2*26X10“®; in methyl alcohol soln. at 25^", the numl)crs arc respectively 
4*98x10"®, 4*78x10 ®, and 4*84x10“® cm.; the diameters ot the atoms are 
respectively 2*33 X 10“®, 2*52 Xl0“®, and 2*60x10"® cm.; while the molecular 
diameters of bromine and iodine are respectively 3*43 Xl0“® and 3*76 XlO’ ® cm. 

Prom tlio observations of B. C. Sullivan, A. A. Jakowkin, F. Boerickc and 
F. Haber, M. de K. Thompson computed the electrolytic potentials of the halojijens 
in soln. sat. with them, at 25"^, to be —1*643 volts for chlorine ; —1*353 volts for 
bromine; and— 0*817 volt for iodine. Thec.m.f.^of thegas-ccllPt [ il | HCl | Cl | Pt 
in which a hydrogen and a chlorine electrode are immersed in aep hydrochloric acid 
should be the same as that required to electrolyze hydrochloric acid of the same con- 
centration if the ]>roceiSs were strictly reversible ; but the observed rc'snlts are rather 
less than the theoretical. The gas-cell has therefore been investigated b}*^ F. .1 . 8male, 
B. Muller, W. von Beetz, B. O. Pierce, and otliers. According to E. Miiller, the 
chief sources of error are due to the hydrolysis of chlorine according to 
A, A. Jakowkin’s equation, and to the possil>le formation of jierchlorides. E. Miillcr 
found that when measured against the hydrogen electrode, the electrode potentials 
of cJdorine against Jiydrochloric acid in the same soln. arc 


(Junccntratioii 
of add. 
2V-HCI 

O OJAf JlCl 
001)1 N^-HCl 


DliKorved 

e.m.f. 

. . l-3(5(> 

. i* 4 sr> 

.. . l*54t> 

. 1*587 


JiJ.ni.f. oorredfil 
U>r hydrulyisiy. 
1 *390 
1*480 
1*509 
1*733 


CulciiIatcMl (Mii.f. frulu 
that ul iV-m 

1*477- 

1*594 

1*712 


The correction for the increase of cliloridc ions due to the hydrolysis of (he chlorine 
has largely eliminated the deviations between the observed and calculated values. 
G. N. .Lewis and F. F. Kupert find for the electrode potential of chlorine against the 
normal electrode to be —10795. F. Holezalek measured the dilTcrence in the 
e.m.f, of two 5 A- to 12 A- hydrochloric acid cells of different strengths by the 
vap. j)rcss. method, and obtained satisfactory results. F. Boericke, G. N. Lewis 
and H. Storch found for the normal electrode j)otentials against hydrogen at 25*^ 
Brgaq. HBr H 2 , —1*0872 volts; Bi^ihjuhi 1 ItBr | H 2 , —'i'OGGl volts; and 
Br^^as HBr iL, —1*0824 volts. B. O. Pierce gives for IL ] NaBr.,,,. | Bi^, 
1*252 Volts ; for II 2 ] EBr;„j. | Br 2 , 1*253 volts ; for O 2 | KBra^i. | Br^, 0*500 volt ; 
for IL I Klaq. I I 2 , 0*861 volt; and for O 2 | | l 2 ^ 0*057 volt. P. 1). Foote 

and F. L. Molder estimate the electro-affinity of chlorine to be 4*8 volts. 

F. Linde found the dielectric constant of chlorine at — GO'^, with a wave-lengih 
about 104 2*15 ; at —20^", 2*03 ; at O^, 1*97 ; at 10^ 2‘08 ; and from 0" to 

the critical tejiip. a decrei^sc of about 0*0044 per degree. For liquid chlorine 
W. D. Coolidge obtained a dielectric constant of 188 (14' ) and F. Linde, 1*93 (14'"). 
For bronunc at 1*^ for wave-length of about lO^ cm., P. ^^'aldon found 4*6 ; and at 
23'' for a wave-length 84 cm., H. Schlundt found 3*18 ; with iodine, with a wave- 
length of 75 cm., W. Schmidt obtained a dielectric constant of 4*00. 

Magnetic ptoperties. — Chlorine, bromine, and iodine arc diamagneti(*.^*4 ^he 
magnetic susceptibility of chlorine at atm. press, and IG'" is —0*50x10 ® per unit 
mass; and at 15°, 0*007 Xl0“i per unit volume: for bromine, the magnetic sus- 
ceptibility at 18^ is —0*38x10 '®; at 20^^, 0*41x10 ® per unit mass, and at 19"', 
— 1*4 x 10 ® per unit volume. Jb^or liquid iodine at 115"^, the magnetic suscej)tibility 
is — 0*4x10'^® and 180"', - -0*3x10 ® per unit mass, and for iodine crystals at 10°, 
—0*35x10 ®. The atomic magnetism of chlorine in organic derivatives is 282, 
249, 218, find 194, according as there are 1, 2, 3, or 4 chlorine atoms per molecule ; 
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with bromine, 413, 374, or 334, according as there arc 1, 2, or'3 atom® p&t molecule; 
and with iodine, 642 or 577, according as there are 1 or 2 atoms per molbcule. 

The molecular rotation ol the plane of ^larization of sodium light in an electro- 

magnetic field with reference to water unity is for a 10*1 per cent. soln. of chlorine 
in carbon tetrachloride 1*344 at ; and the atomic rotation of chlorine (hydrogen 
imit>) is 1*675; and of bromine, 3*563. In studying the influence of a magnetic 
field on the optical behaviour of chlorine gas, A. Ileurung found no appreciable 
increase in the region of the absorption for light of wave-length 518 to 640^/^. 
U. \V. Wood found that if iodine be placed between the poles of a magnet and 
parallel rays of arc-light be sent through a nicol prism, then through a tube containing 
iodine vapour, and finally through a second nicol, an intense blaze of emerald-green 
light appears when the magnet is excited. K. W. Wood (1906) and A. Heurung 
(1911) have measured the spectrum of the green light- -several new lines 
make tlieir appearance - and since the magneto-optical effect cannot bo elimi- 
nated by the rotation of the analyzer, it is inferred that only a small portion of the 
light is [lolarized. The effect on the individual spectrum lines of chlorine could not 
be detected. 

Summary* — The gradation in characters whicjh the halogens show with in- 
creasing at. wt. from fluprine to iodine, yields one of the most typical family Series 
of elements. The best representiative values of some of the physical constants of 
the halogens are summarized in Table 11. The family relationship of the halogens 
is illustrated l)y : — 

(1) Tlio similar ittj in the chemical and physical properties of the elements 
and cheii* corresponding compounds, is such that the properties of any one 
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At. wt. • 

Sfcate aggregation (0^^) 
Colour , 

Mp. gr. (liq.) . 

JSp. vol. . 

At, vol. . 

Mol. vol. 

B.p. 

M.p. 

(Mtical terap. 

expansion 

Cooff. conipresyibiJiiy 
Jloat of fusion 
Jloat of vaporization 
Sp. ht. (0") 

Sp. hL gas, rv . ; 

8p. ht. g4is, C" . I 

liatio y . . ; 

liefriKitivo index . j 

At. cli8p(3raion . j 

At. refraction 
Magnet, aaseeiitibility 
Diclootric constant . j 


Fluorine. 

Clilorluo. 

Bromiue. 

j Iodine. 

190 

35*46 

79*92 

126*92 

Gas 

Gas 

Liquid 

Solid 

Palo yellow 

Y cllowish-groei i 

Brownish-red 

Viol«t 

M08(-167®) 

l*568(-~33*0®) 

2*9283 (59^^) 

4*004 (107^) 

()*9025 1 

0-Ce35 ! 

! 0*3392 

0*2698 

17*1.5 1 

1 23T»2 ! 

27*13 i 

34*23 

34*30 i 

1 4704 1 

54*26 

68*46 

-187^ 

-33 0“ 1 

60^ 

183® 

-233‘^ 

j —102“ ! 

~-7;r 

114" 

— , 

1 147“ • ; 

302" 

512® 

— 

1 0-00187 (0“) 1 

0*00106 (0") 

0*000025 (liq.) 

— 

! O-OGOOf) 1 

0*000052 

0*000013 

— 

1 22-06 cals. j 

16* 185 cttls. 

2*9 cals. 

— 

67*38 cals. i 

45*6 (!als. 

81 cals. 


0*26(>2 (liq.) 1 

0*1071 (liq.) 

0*05] 5 (solid) 

— 

o*ijr>5 i 

0*0553 

0*0336 

— 

0*0873 1 

0*0428 

0*0257 

• — 

1 *323 i 

1 *292 

1*307 

1 000195 

1*000768 1 

1*001125 

1*001920 

0022--005 , 

0*50 

1*22 

3*65 

0*911-1 01 5 ! 

10*05 1 

15*3 

24*5 

-3*45 xlO"® I 

5*9 X 10-« 

-4*1 xlO”" 

~-3*5xl0-® 


107 

3*18 

4*00 


member of the family can bo said to summarize or rather to typify the properties 
of all the other members although fluorine diverges a little in some of its properties, 
(2) The gradual transHwn of chemical and physical properties such that if the 
elements be arranged in order : F, Cl, Br, I, the varifition in any particular property 
in passing from fluorine to iodine nearly always proceeds in the same order, and that 
is the order of their at. wt. 

bimilar family characteristics will be found with the chemical properties of the 





THEHAliOaSNS 67 

halfiigens* Taking atmost any property and comparing its magnitude in passing 
from the element fluorine to iodine, or from the fluorides to the iodides, a similar 
gradation will be observed : Thus, take the in.p. of the cadmium, calcium, barium, 
sodium, or potassium salts : 


Sodium . 



Fluoride. 

980“ 

Chloride. 

820“ 

Bromide. 

705“ 

Iodide. 

050“ 

Potassium 



885“ 

790“ 

750“ 

70^i“ 

Oaleiiim . 



1301“ 

780“ 

700“ 

740“ 

Baiiuru . 



1280“ 

900“ 

880“ 

740“ 

Cadiniuiu 


. 

1000“ 

590“ 

350“ 

1000“ 


The markedly greater ium|) in passing from the fluorides to chlorides than with 
the other steps in the case of the earths is supposed to be explained by a difference 
in constitution. There is also a difficulty with the cadmium halides. 
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§ 11. Solutions of Chlorine, Bromine, and Iodine in Water, etc. 

Oliloriix^ aiul l)romino an* fairly Holuhlo in water ; iodine has a low Roluhility. 
Early deiermi nations of tin* solnhility of chlorine in water were made hy .1. L. (Jay 
Liissac ^ in LSJV.h by J. IVIouze in and by K. Schdnfeld in 1855. They noticed 

a niaxiinnm in the. solubility curve in the vicinity (»f lo'*, and at ]0(T' the solubility 
is nil. Later determinations have been jnade by II. \V. B. Iloozebooju in iiSSb, and 
by L. W. Winkler in 1 907. At temp, below 9*0'^, cldorine forms a crystalline liydrate, 
CI2.8H2O ; and this corresponds with the maximum in the solubility curve. The 
solul)ility curves of the gases chlorine and ])romine - are indicated in Table 111. 

TAunn m.- -T kk SonoTHLiTv or CiinoitiNh: and Bhomink m W vteii (L. W. WiNKnrn). 



Clilorino. 



Bromine. 
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L. W. Winkh*!* represemts the absorption coelT. of chlorine in wafer at d"' hy the 
formula : 'l iKldl - l () tKM)llO70-. The sohd>ility curve really represents 

the increasing solubility of chlorine hydrate, and tlie decr(*asing solubility of chlorine 
gas with rising teni]). 1'he maximum, about 9 occurs when the latter begins to 
predominate over the former. The solubility of chlorine in w«at.er, and the solubility 
when the gas is mixed with hydrogen or earj>on dioxide, is greater, hef.w(*en 18*^ and 
than corresponds with its ])ariial press.^ Acc'ording to Jj. W. Winkler, how- 
ever, bromine va])onr dissolves in water in aeeord with Henr\ 's law. 1’he soln. of 
ehlorine in water is called chlorine water, or wjua riflorala : and tlie soln. of bromine 
in water, bromine water, or afjua hroniaia. 1’he solubility of liquid ]>rr)mine iu 
water, representtsl l)y the niiml)er of grams of bromine in 1(H) grms, of the soln.. is 

(»' :t nr i.v* 20 2 .'> 'MV 40' no" 

Water . . 4- 1 7 :]1)2 3*74 3*<)r* 3r>S 3*4S 3*14 3*4r» 3*r,2 

Solnhility . . 3 l)S 3*77 3*(U 3*52 3*4() 3*30 3*32 3*33 3*40 

The solubility of iodine in water has not been so closely investigated as that of 
chlorine, or bromine,^ and the determinations are not in close agreement. If. Hartley 
and N. V, ('amphell found that water dissolves 

0 ^ IS' 2 . 5 ^' .V.'' 45" 55" (iO" 

loUiiio . 0*m20 ()*27()r) 0*33Uri 0-4U0J ()*«474 0 U222 0*‘)r)r»« per litre 

The value at O'" is hy G. Jones and M. L. Hartmann, and that at CO*" by 
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R. Luthor and O. V. Sammot. Tl\c soln. raquiro one to two days to roach the point 
of sat. and tiicy are brownisfi-yellow in colour. 

Crystals of chlorine hydrate or of bromine hydrate are readily formed 
when aq. soln. of chlorine or broniine, respectively arc cooled to about ()“. 
Afrordin*? to ,1. I’elouzc crystals of chlorine hydrate are formed when a few drops 
of hvdroehlori<! acid are added to an aq. soln. of hypochlorous acid <» cooled to 
about 2" or 3". A. Ditte sealed chlorine hydrate, containing an excess of water, in 
a long bent A-tube. The leg containing the hydrate was warmed, and the chlorine 
was condensed to a liquid in the cold leg of tlio tube by the press, of its own vapour. 
When the aiiparatiis was slowly cooled, fine fern-like crystals of the hydrate re-form 
on the surface of the water. (In standing some time, these crystals disappear 
re-forming isolated greenisli-yoHow crystals about 2 or 3 mm. long. These crystals 
are highly refracting, and belong to the cubic system. The crystals of cither hydrate 
are formed by leading the gas or vapour through a tube cooled to about 4“ and 
moistened on the inside with water. In winter time, pipes ® conveying chlorine 
gas may become clogged by the formation of the hydrate. 

Chlorine hydrate was formerly fihpught to be solidified, ehlbirine, but H; Davy 
demonstrated that the crystals cohf^ined water. The yellow crystals of chlorine 
hydrate examined by M. Faraday ^ (1832) contained 27 '7 per cent, of chlorine and 
72’3 per cent, of water ; this is nearly eq. to Cl.SHaO, or to CI2.IOH2O, and he added, 
“ I have chosen it because it gave the largest proportion of chlorine of any experi- 
ment I made ; ” and owing to inevitable losses of chlorine in drying, he said, “ It 
is even possible that this proportion of chlorine is under-rated, but I believe it to be 
near the truth.” H. W. B. Roozeboom (1884) makes the proportion Cl2.8H3(), 
and R. de Eorcrand (1901), CI2.7H2O. The existence of the hydrates, 012.121120 ; 
OI0.7H2O; and 012.4H2O, reported by G. Maumeno, have not been confirmed, 
llyacinth-rcd octahedral crystals of bromine hydrate, sp. gr. 1'49 (4“), were 
obtain«^d by C. Lowig in 1829 ; their composition was determined l>y W. Alexejeff in 
187(5. and by II. W. B. Roozeboom (1884), whose analyses agree with the formula, 
Bro-IOH-^O. IT. Oiran’s thermal analysis of the binary sy.stem Rr-IIaO, and his 
analy.ses of the cry.stals, agree with the formula Br2.8H20. 

Acc.ording to M. Faraday, the crystals of chlorine hydrate may be sublimed 
without dceomp(»sition in a .sealed tube at Ib b" (M. Fara<iay), or at %f (K. 
Biewend) ® ; but according to F. Wbbler at 38°, they form two li(jnids — one 
rich in chlorine, is a sola, of water in chlorine ; and the other rich in water, is a 
soln. of chlorine, iii water ; a(s ording (o W. Aie.Kcjcff, bromine hydrate also decom- 
])o.so.s into two analogous layers at 13°. In both ca.se.a the hydrate is re- formed on 
cooling to 0”. The (iritical temp, of decomposition of chlorine hydrate in open 
vessels is 9-6°, and in closed vessels, 28'7°. According to H. W. B. Roozeboom, the 
dissociation press, of chlorine hydrate from —10° to — 0'24° is between 156 and 248 
nun. ; and between — 0 *24° and 28'7", from 248 mm. to 6 atm. There are turning- 
])oiuts in the ctuve at ~.0'24° and 28'7°. F. Isambeit’s ® measurements of the 
dissociation press, of chlorine hydrate between 0° and 14',5° agree fairly well with 
tho.se of II. \V. B. Roozeboom. According to the latter, the decomposition tension of 
bromine hydrate from - 10° to • 0'3" is from 25 to 43 mm.: from — 0'3° to 6•2", 
43 to 93 mm. Above 6'2°, bromine hydr.ate cry.stals form an emulsion of water and 
bromine, which .slowly separates into two liquids (i) a soln. of water in bromine 
and (ii) a soln. of bromine in water. In open ves.sels, under atm. press., bromine 
hydrate decomposes at 6‘8‘’ ; at liigher press, the fleconqiosition temp, is still higher 
— at IfS) atm. of o.xygon ]>re.ss., it is stable at 20", according to F. Villard ; 10 and at 
2<>() atm. of hydrogen ])res,s., it is stable at 19 ’. 'Die increa.sed stability of the 
hydrate in compressed oxygen is connected with the great solvent ]>ower of com- 
pressed oxygen gas for bromine. va])onT, and the consequent increased partial press, 
of the atm. of bromine on the hydrate. 

P. Villanl lias iiHuxKiirod Ifio infiiiatKv of romjiros.^^od on tlio vapour preHs. of 

liquid hromino, and lio found that bromine vapour is fairly soluble in eomjirossed oxygen 
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such that at 300 atm. preas. compressed oxygen takt>s up six times the normal amoiiiii ; 
if the press, is released, the oxygen gives up th(» dissolved Viromino in the form oi small 
drops. The greater the j)ress. the great^'r the amount of bromine dissolved by the com pres- 
sure oxygen, and the deeper the colour. C^otnjjressed nitrous oxide takc.s up the. same 
amount of bromine at 20 atm. press, as it does at 40 atm. Jodine also volatilizes in com- 
pressed oxygen and in compressed methane, and ttrysiallizes out when the j)ress. is relieved. 
Ethylene gas at 300 atm. press, is eoloui*od deep violet by the tlissolutiou of iodine, and the 
colour gradually disappcai's on standing owing to the union of the iodine with the ethylene. 
An interesting illustration of the dissolution of vapours by compressed gases is furnished 
by methane which dissolves its own volume of ethyl chloride, OgHtCb at 180 atm. ; at 
200 atm. press., the two substances are miscible in all proportion.s, and the surface of 
separation between liquiil and gas disappears. P. Villard proposes to take advantage c»t* 
the property for the distillation of substances decomposed by boat, 'rhe vapour is dis- 
solves! when the? gas is compresseil and rojectod when the press, is relieved. 

II. W. B. Roozeboom has measured the solubility of chlorine and bromine 
hydrates in water and expressed his results in terms of grams of chlorine per 
KK) grms. of soin.' ’ He found that KX) grins, of soln. contain 0*492 grm. of chlorine 
at —0*24®, at which temp, the solid ]>hase present is a mixture of ice and chlorine 
hydrate, Cl2,8H20, Between 0® and 28*7® the solid phase is the hydrate alone, 
and the soln. has 

QO 2® 4** C" S® 9** 20’ 28*7’ 

C?hlorine 0*533 0*044 0*732 0*823 0*017 0*937 1*85 3*09 per cent. 

The binary system has not been completely explored. Similarly with bromine 
hydrate 100 grms. of soln. dissolve 2*17 grms of bromine at - -0*30®, and the solid 
phase is ice and the hydrate Br2.1()H20. Between —0*3® and 6*2®, the solid phase 
is the hydrate, Bn^.lOjf^^O, alone, and the soln. has 

Qo 2'> 0’ fi*2’ 

Bromine • • 2*25 2*31 2*97 3*50 3*53 per cent. 

In the latter case, there are two soln., one layer contains a soln. of bromine in 
water, the other, a soln. of water in bromine. There is an unstable system with 
ice as the soli<l ]>]iase at — 3*7 ' with 3 03 grms. of 
bromine, which may form before the hydrate, 

Br2.10H2O, separates. 

Tn the sy.stem Cl2’i-H20, there arc two com- 
ponents, just indicated ; two solid phases — ice and 
chlorine liydrate, ; two soln.-*- one a .soln. 

of water in an excess of chlorine, Sol. I, and a soln. 
of chlorine in an excess of water, Sol. 11 ; and a gas 
phase — a mixture of chlorine and water vapour in 
varying ])roportions. Tlie system has not been 
completely .studied, but sulTieient is known to .show 


systems L and B have four coexisting phases - Hue. 
ij (28*7® ; 0 atm.) denotes the point at which the 

hydrate decompo.ses ice, Sol. 1, Sol. IT, vajmur ; B (—0*24®; 244 mm.) is a 
eutectic point- ice, hydrate, soln., vapour. The univariant systems with three 
coexisting ])hase.s comprise the curves : BB- hydrate, Sol. II, va[)our ; 1)L — 
hydrate, Sol. T, vapour; ZJP- Sol. I, Sol. II, vapour; LH hydrate, Sol. I, 
Sol. II ; CJ3— hydrate, ice, vapour; BF- ice, Sol. 11, vapour; B(m— ice, hydrate, 
Sol. II. The bivariant .systems, repre.senting two coexisting phases, are included 
in tlie areas bounded by the curves. 

A .similar result was obtained with tlie system Bro4 where the hydrate Js 

Br2.101L^O, and the invariant .systems occur at the two (jiuulru]>Je points : L (6*2® ; 
93 mm.) and B (—0*3® ; 43 mm.). Iodine forms no known hydrate with water. 


that the equilibrium curves take the form .shown 
diagrammatically in Fig. 20. The two invariant 
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W. L. Goodwin's valiios for the specific gravity of chlorine water — presumably 
sat. at the temp, indicated- are 

'IVjii,). . . t>'.r 8-n^ H>:r 2r 25-5^ 

S)>. ^rr. , . l OOKMi 0*00404 1*00424 I*0002(i4 1*00000 0*00084 

The value for water at 2‘5 ^ was O DOOtSO ; and at 25*5'', 0 004247. TJie specific 
gravity of bromine water was measured by J. Slessor in 1858, and for soln. con- 
taining w grms. of bromine in UK.) grins, of water, lie fouml 

. 1*072 1*205 l*2:n 1 *874-1 oor. 1*052-2*000 2*080-2 155 ;M02-:M«9 

Sp. j>r. 1*00001 1*00055 l *0122:i 1*01401 1*01585 1*01807 l*02:m7 

The last-named soln. was sat. 

According to T. J. BakerJ- the molecular heat ol solution of chlorine in water 
is 4*07 (-als., and according to ,1. Thomsen, 4*87 (Vtls. M, l^erthelot places this 
constant between and 7*5 Cals.— tlie indefinitenevss is due to a reaction between 
chlorine and the water. H. Ic Chatelier estimates that a mol. of liquid bromine 
dissolving in water develops 1*08 Cals. From the effect of temp, on the absorption 
coeff., p, tlie heat of soln. Q of bromine vapour in water is - l{T'-(d log pjdT ) ; or 
C? -” '~4*57lT“(f/ log j3/dr). For bromine vapour, Q, at (C is 8*85 Cals,, and at 
f)‘5 Cals. If A denotes the latent heat of va^iorization, the heat of soln. of a mol. of 
liquid bromine in water will be A f (1, where A~r7()06^ 8*480 Cals. The values of 
the heat of soln. of litpiid bromine are very small, and become negative at about 40'^’. 
8^ II. Pickering found a mol. of bromine absorbed 1*508 (.’als. when dissolved in 
2700 mols. of wat<‘r. H. Jlartlev and N. P. Campbell estimated the heat of soln. 
of iodine to he 5*00 f^als. at ‘21*5^’ and 7*38 Cah. at 50". G. N. Lewis and 
M. Randall calculate the free energy of formation of a mol. of an a<). soln. from the 
solid at 25" or 208" K. is 3920 cals., or - /f7’ log 0*01 32. The diffusion coefficient 
of chlorine in aq. soln. containing 0*1 mol. jier litre is 1*22 grms. per sq. em, jier 
day at 12" ; 0*8 for bromine ; and 0*0 for iodine. F. A, Henglein has made 
obs(»rvaf.i(ins on the vap. press, of aq. soln. of i*hlorino, bromin(^ and iodine*. 

1 he molecular conductivity t»f a<j. soln. of (*hloi‘ine wer^^ found bv A. A..lakowkin 
to be rather large*. If r denotes Mic number litres ^’ontaining a mol. (>f (ddorinc, 
the mol(‘ciilar (*ondu(*tivitv is, at O ’ 


V , , 

17*18 

4:n.33 

00 01 

105*0 

.372*7 

551 

2204 

/t . . . 

TO-na 

i2or> 

JS.IO 

22 1 • 1 

24 1 *4 

244 

247*5 

and at 25 ’ 

V 

. 11*74 

aeuc. 

4.'>I2 

01*84 


732 

2028 

. . 

. 138 

20()-2 

270 

338 

302 

300 

300*5 


At high dll., therefore, the conductivity is not fur from that of hydrocliloric acid. 
A. A. Jakowkin's explanation turns on the assumption, for whiih there is much 
confirmatory evidence, that in aep soln., the eldorine is hydrolv/cd forming liypo- 
ehlorous aeid, .HO(1, and hydnahloric acid: (T, I ] H()(‘| and the 

high conductivity, with l.iglily dil. soln. shows that the hydrolysis is nearly complete. 
According to A. A. Jakowkin, about onc-tenth of the chlorine in a sat.’ soln at 0^ 
IS hydrolyzed. 

The partition laWy If r/^, /q, c,, . . . denote the concentrations of a gas dis- 
solved in a given licjiiid and ao, c^, . . . the corresponding (oncentrations of the 
gas in the space above the* lirpiid, ilenry's law means tliat 

- j onstanl 

((.f fA> (*., 


Tills law, applicalile for the distrilintion of ;i soluble gas between a liquid solvent 
and the space above, can be extended to include the distributioji of a solute between 
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two immiscible solvents— c.r/. iodine or bromine between water and ether, water and 
benzene, and between water and carb()ri disiilphitle ; as well as silver or ji;old between 
molten lead and zinc ; ferric chloride between ether and water, etc. This fact was 
indicated by xM. Ikntindot and K, Jun^^lleisch in their paper: tiur les lots qm 
pre^idrrU an pffrlaffe d'lin corps cntic deux dissidvovls. In illustration iodine or 
bromine in a mixture of immiscible water and (arbon disul])hide divides itself so 
that the ratio of the cnnctmtratiojis of the solute in each layer is always the same. 
This constant is sometimes called the partition coefficient. Berthelot and Jung- 
fleiscirs results in Table IV illustrate the jndnciple ; the concentrations of the halogens 

Table IV. — Pautition Coefficient of I<unNE and Promink between Water and 

C^KHBON DlSULPTflDK. 



Iodine. 



Bromifie. 


Waler. 

( ‘Sj, 1 

(hadient. 

Water. 

CS, 

Qiiutient. 

0 0041 

1-74 1 

0'0029S 

oo:ioo 

2*4(1 i 

0*0122 

0'00:ti 

1-29 

o-oo2r.o 

0-02<H) 

1*55 

0*0128 

0 0010 

1-00 

00()244 

0-00 1 1 

t)*()9 

00 125 

000 10 

0-41 : 

000244 





in the solvent indicated in the first two colimms of each table refer to the amounts 
of solute in 10 c.c. of solvent. Althoiigli the eonstants are not uniformly the same, 
th(^ deviations aie wdthin the range of experimental error. Later measurements, 
by A. A. Jakowkin and others, between water and carbon tetrachloride, bromoform, 
jimyl-alcohol, or carbon (lisul[»hide ma<le under better conditions, give smaller 
dtiviations. Similarly, wherj an aq. soln. of liydrogen |>eroxide is sliaken with amyl 
al(‘oliol, the peroxide divi(h*s itself lietween the two solvents so that the ratio of 
the coiK'ontration of alcohol jdiase to the cone, of aq. ])hase has always the same 
numerical value at a given tc'jnp. Expressing concentrations in milligram-moleeules 
])er litn', If. T. ('alvert (ElOl) found at 2;V' : 


Amyl alcohol [»hase 

. i;V4 

280 

410 

050 

04*5 

130*2 

Aq. pliasi* 

. 040 

io:i-5 

200-7 

400*0 

070-0 

012*5 

Quoti(*iit 

7-0 

00 

7*1 

7*1 

7*1 

7 0 


The filets iire generalized in the so-c.jilled Berthelot and Jungfleisch^s partition 
law : 117 / 0 / hro i tnot-isciblc solve nfs ore siundtancouslfj in contact with a sabstance 
solablc in both, the solute distributes itself so that the ratio of the concentrations of the 
solute in each solvent is constant. Otherwise expressed : 

(V)nct'nl mtiori of solulo in solvc'nt A 

— (’onstant, say L\ 

Concent ration of solute in solvaait P 

If the riltio be unity, the corxamtrations of the solute in each solvent will be the 
same ; if tlu‘ ratio he far removed from unity, a c,oirespojidirigly large pro])oriiou 
of tlie solute will be found in the one solvent wliich c*.un be utilized to extra ( t the 
soln. from tlu^ other solvent. Ejj. ether will remove ferric chloride from its a<|. soln., 
arul since many other chlorides are almost insoluhle in ether, the ]»ro(‘ess is utilized 
in analysis for the separation of iron from the other ehunents ; the solubility of 
<;obalt thiocyanate in ether is utilizeil for the separation of cobalt ; pcrchroinic acid 
i.s similarly separatcMl from its a«p soln. by ether; molten zinc extracts silviu- and 
gold from molten lead ; tlu^ extraction of organic conq/ounds from a(|. soln. by 
shaking out with ether or oth(*r solvent is miieh used in organic laboratories. 

If 1/^0 grms. of iodine ])o dissolved in unit- quantity oi water, an < I this ho sliakon up witli 
unit quantity of immiscible carbon disulphide, it follows that a quantity aq will remain 
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in tho aq. layer and — ir, will pass to tho carl>on disulphide, so that or 

tej “?/JqA 7(1 remains in tho aq. layer, and i/>o -wq passes into earbon disulphide. A 

second extraction with the same quantity of carbon ilisulphide gives 

substituting t)io previous value of iiq, ai^d generally, after the nth 

oxtraotion 

remains in the aq. layer— -the greater the number, ii>, of extraetions, the smaller the quantity 
of snbstanec* remaining in the aq, layer. It can be shown in a similar way that with a 
given quantity of the extraeting liquid, a better se])aration is obtained after many extrae- 
tion.s with small (piantities of the li(|uid than hy few extractions with large qnantitif>H. 
T)io extraction can never be theorotieally complet^^ ; the smaller the value of A* the greater 
tho edieieiny of the process. Thus, with 10 grins, each of iodine and bromine in the 
ai^iieous layer the second extract ion will leave 10(0*00244-4-1*00224)®, or 0*00000 grm. of 
iodine, and 10(0 01 2r) 4 - 1*01 25) or 0*0010 grm. of bromine. The snmo princ*iples obtain 
in washing preci))i tab's. 

Sijpj)0R0 that tho molooulcs of the ftolute ammonia remain normal, NIT3, in 
one solvent, say water ; and that the molecules of tho ammonia partially or coin- 
pletely polymerize in the other solvent, say chloroform, sneh that 2NH3 t=^NoH 6. 
Then, for equilibrium, 60 =“ where Ci represents the cone, of the molecules of 
ammonia, NH3, in water ; and Cq represents the cone, of the molecules of ammonia, 
N2H3. in the chloroform. Again, if the molecules of ammonia are polymerized 
only in the chloroform, and not in the water, then, or (q — -y/A'iCo. 

W. Herz and M. Levvy (1006) tested this hypothesis by finding how the formula so 
deduced fitted the facts. The fit was quite satisfactory ; this was taken to prove 
that the ammonia molecule doubles on itself in this solvent. The ])artition law 
thus furnishes a method of measuring the relative mol. wt. of a solute in a given 
solvent,^ If the partition coeflf. be not constant, it is inferred tliat the assumed mole- 
cular cone, is different from that whi<*.h actually obtains. 

The constitution 0! chlorine water. -As already indicated numbers ranging 
from ()1 o. 10H20 to OI2.7H2O have been given for the composition of the hydrate. 
(1. F. Schdnbein,^® shortly after the discovery of hypochloroiis acid, suggested that 
tho chlorine in clilorine hydrate is present as hy])ochlorous and hydrochloric acids ; 

although no experimental e.videncc was given in sup})ort of the 
hypotliesis. Jt. E. Roscoc sought for oxy-chlorin€^ acids in clilorine water by passing 
a stream of carbon dioxide through the liquid, but found no signs of those acids in 
the more volatile portion, (J. (ropner a.Hsumod that the presence of }iy])o<thlorous 
and hyilrochloric acids in chlorine hydrate w'as j)r()ved liy the fact that mercuric 
chloride is formed on treating tho iiydrate with mercury -Wolfrr\s reaction; but 
R. SchifI argued that if chlorine hydrate contained hypo(‘hlorous acid, it should be 
rapidly decomposed in diffused daylight ; but, unlike hypoclilorous acid, chlorine 
hyilrate is comj^aratively stable under these conditions. The smell of dry chlorijic 
hydrate witli its 28 per cent, of chlorine, is not so marked as that of a 0*7 per (?ent. 
soln. of chlorine. This shows that the vapour tension of the chlorine in chlorine 
hydrate is very small. R. Sehiff al.so argues that the pale (colour of cblorine hydrate 
is against the formula JKI.irOlJI.OIL^O for chlorine hydrate. The work of 
A. A. Jakowkin siiows that a fractionaf fiortion of the chlorine in an aq. soln. is 
hyilrolyzed as suggested by C. V. Schonbein (1817) and by N. A. E. Millon (1849). 

A. A. Jakowkin * ^ employed the partition coeff. between cldorine Avater and carbon 
tetrachloride for e.stimating the concentration of free non-hyd roly zed chlorine in a 
soln. of that gas. If the hydrolysis be neglected, and the assumption be maile that 
the whole* of the chlorine in the aq. soln. be present as dissolved free chlorine, the 
partition coeff. of chlorine between water and c,arbon tetracJiloride changes from 
l.*V8 to 5*2. This is takmi to mean that something is wrojig with the assumption 
that tlie total chlorincds free in aq. soln, A. A. Jakowkin calculated the degree of 
hydrolysis: (1^ 1 If.J) 11(1 \ IIOCI, from the conductivity measurements of the 
aq. soln., (lerlucfed the amount of hydrolyzed chlorine from the total chlorine, and 
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tke remainder, when aesunicd to represent the chlorines in equilibrium with that in 
the carbon tetracldoride layer, gave a satisfactory partition coeff. — ineaui^20'0 — 
as illustrated in Table V, where the concentrations are expressed in niilligrani- 
molecules per litre. 


Tablk V. — Partition OoEFiaciMNT of Cjilohink niflTWFFN VVatjsu and Carbon Tistra- 

UHLORlDJj: AT O'". 


Total cUloi liio. 1 


! 


„ .. 

■ ! 

1 llyUiolyzeO eliloriiic 
ili afiueou8 layer. 

1 Clilot'liie as rU ill 

1 aqueuuH layer — 

Furtltion welUcl 
, Ca 

Aqueous layer 
t'l 

CCI4 - layer 

.r. 

Ci(i-x) 


Ca 1 

1 

1 



1 

68 21 

803-3 

0*3185 

39*07 

\ 

! 20*25 

38*30 

404 0 

0*4012 

22*97 

1 20*22 

2308 

222*5 

0*5180 

11*12 

J 20*10 

JO-33 

127*4 

0*0092 

0*382 

19*97 

10*10 

62*93 

0*7320 

1 

2*707 

1 

1 19*65 

1 


The partition coeff. rises from 20*0 at 0" to 30 5 at 28T>", and to 35-2 at 57 5". The 
hydrolysis attains a niaxiiniiin at about 90". Ifydrochlorie. arul hypochlorous acids 
arc inap]>rcciably soluble in tlie carbon tetracliloride : and the proof tluit the 
)noIe(jules of chlorine dissolved in the carbon tetrachloride arc ju'esent as t’J2 niolc(*ules 
turns on the fact that the partition coeff. of chlorine between chlorine gas and carbon 
tetrachloride is constant in accord with Henry’s law. Thus, representing concen- 
trations in uiilligrani-iuolecules per litre : 


Chloriuo in air . 

. 0-1109 

0-2000 

0*5305 

0*8800 

Chlorine in CCI4 

. 8-908 

22-40 

44*14 

76*09 

Quotient 

. 0-0124 

0-0119 

0*0122 

0*0117 


The luean value of the partition coeff. is therefore 0012. Hence, the < hlorine in 
soln. has the same molecular state as chlorine gas. These observations also show 
that the solubility of chlorine in water does not follow Henry’s /aw if the total 
chlorine in soln. be considered, because only that portion of the chlorine which is 
not hydrolyzed is partitioned between the liquid and the sj)ace above. If allowance 
be made for^this, the partition coeff. between chlorine water and air is 20X0*012 
^0-24. Chlorine gas at one atm. press, contains .,,^4 mol. per litre ; liencc, if the 
partition coeff. be (3*24, a litre of chlorine water in equilibrium with chlorine gas 
at one atm. press, and at 0" will contain per litre, or 1*32 

grms. of free chlorine and 146 grms. of hydrolyzed chlorine per 100 c.c. The 
solubility of chlorine in water is 0*089 mol. per litre, and of this 0*025 mol. is 
hydrolyzed. At 25", there will be 0*081 mol. of non-liydrolyzed chlorine per litre. 

Tlie ])resence of hyj)Ochlor<}Us acid in the a([. soln. is sliown ])y leading a current of 
mixed air and chlorine through a llask of water between 90" and 95", and condensing 
the products in a cooled flask. Uypoehlorous acid is volatilized and condensed. 
S. IJ. Pickering also showed in 1880 that when an aq. soln. of chlorine is boiled in 
an open vessel, a dil. sola, of hydrochloric acid remains after the expulsion of the 
free chlorine, and A. Richardson (1903) has shown that when chlorine water is 
distilled, the hydrochloric acid is e(j. to the hypochlorous acid in the distillate. 
The ])rescncc of chlorides, hypochlorous, hydrochloric*, and other acids diminish the 
hydrolysis in virtue of the mass action law : Cl2+H2G^H(U4 HOCl. In conse- 
quence, the apparent solubility of chlorine will be diminished, simjc less will be 
needed for establishing equilibrium : Cl2+H20^HC1H-H001- unless the result 
be obscured by a reaction between the acid and the chlorine such as must occur when 
the soln. contains over about a gram of H(fl i)cr KK) c.c. of hydro<*hloric acid. 

The partition coeff. of bromine between water and carbon tetrachloride, is so 
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nearly constant tliat the results are not much, affected hy liydrolysis. The greatest 
deviations occur with the more cone. soln. of bromine (over 3 grms, ]ier litre). The 
low solubility of iodine prevents highly cone. soln. being employed, and the partition 
ooeff . between water and earl)on tetrachloride is fairly eonstant. The concentrations 
in Table VI are in grams j)er litre of .soln. 

TABIiK VI. t’AnXlTiUN CoKKVh'IlONT OF loOJNK AND liuOMENJi: BKTWEION CAUBON 

I’lrrUAl’HT.OlUOB AND Watfk. 


In water. 

Bromine. 

In {'i% 

Coi'llidtiit . 

111 water. 

linlliH'. 

Ill CCl. 

Ceetik-lent, 

14 42 

540 20 


0-201.3 

2.7-0 1 

87 *91 

3*2 U) 

04-84 

! 21)'48 

0-1 o;u 

10-7 1 

85-51 

0*7711 

21*5.3 

•i7!>a 

0*1034 

10-74 

85-30 

0*4470 

12-00 

1 27-02 

0*0818 ; 

0-000 

S7- 1 r> 

0 2478 

(3*00 

27-00 

0*0510 1 

■1-12 ! 

S5-5I 


The electrical (•on(bictivity of bromine water measured ])y W. C. Rray is also 
referred to hydrolysis: Bro-| lJ 20 r:^ 110 Br 1-HUr, and a negJigi])ly small j)art to 
the ionization of br«)mine itself : Br2T=^Ib*4 Br'. Jbj made tlie hydrolysis coiistaJit 
of bromine water 2’iX 10 « ; A. A. Jakowkin, that of chlorine wat<‘r |() - b 

According to the measurements of (r. Jones and M. J^. Hartmann, th<^ hydrolysis 
constant for iodine in waO^r at (C a[)proximates 9x10 ; and aiM'ording to 

W. (h Biixy, 0*0 X 10 ’J - at 25^. It will t)e remejnbered that the hydrolysis cojistunt 
is represented by K in the (Mpuition : K\ Br.^l- 1 ll || Br'l|llOBr |, where the symbols 
in brackets r<‘.[>res(Mit the cotuauitratiun of tlu^ substances concerned in the balanced 
roaetion, ILO | Br^ - JlOBr 1-11* j-Br', and the concentration of th(* water iii the 
system is so large that the ])roportion wliich is concenuHl in tin' reaction is m^gligibly 
sniaM. I’he value, of K for bromine at 25" i.s nc'arly the geojnetrical mean of the 
hydrolysis constant of chlorine and iodine : 

(’hloiiiif, Urninim'. loiliur. 

Hydrolysi.s conatafit, /v (^.’r) . 4*48/. 10* 2't .10^ 0 (>, 10 *“ 

At 0 the hydrolysis constant of iodine is l):<10 The hvdrolvsis in iodine water 
is assumed to be I. | i JHO. The specific, (‘leclrical conductivity of 

iodine water rises very rajiidly to about 1 v' |<)~ « and Mum slowly to about 20 . 10 ; 

this last elk'ct is snp[)osed to ))c. due to a secotalarv reaction involviicf • 
dll/) -5111 [llUly 

The photochemical decomposition o! chlorine water, bromine water, and 
iodine water. In (!. b. Bert hoi let noticed that (‘hlorine water is gradnallv 
decom])Osed l)y exiiosure to light, forming aq. liydrochlorie aeid and oxygen. 
Ho said : 

1 have iilled a flu-sk (piitn full with acphlo-^isticuttMl muriatic acid (chlorim- water) and 
COiineetod the uoek of tin? tlask with a jni(‘uiuati»! apjiaratus hy means of a tul>e ; on rxposuro 
to h”lit, I saw^ a lar^e iiumbcr of bubbles f»f j^as eolt'ct tm all sides of th*'. lifjuid, aiul after 
some flays, I found in ih(‘. vessel, eonneetud with tlie flask hy mean.s of the tube, a ouantity 
of an elastic Umd which wa.s the purest vital air (oxygen). As the vital air wa.s dev.4oped 
from tlie ^'id in the lia.sk, so did the liiptid Io.se its y(41ow' colour, and ai)poar as clear as 
water. I ht? Inpnd did not bleach ))luo vegeUihle colouring matter, but only turned it rod, 
and retained very little of tlie wiiu'll of dephlogisti<-Mte<i muriatic acid : it effervesced with 
alkalies, ami m a word, the dej,hlogist i^ated muriatic a< id was nothing more than common 
muriatic acid In another fla.sk, similarly filled witli the same Iluid, and covere<l with 
black paper, the lupud suffered no change, and no vital nir was lieveloped. 

11m explanation, on Jf. Davy s chlorine theory, i.s eiubudied in tlie etfuation ; 
LH^Od ^CI^^UlCl I-O 2 ; and, in agreement with \V. H. Wollaston s observation 
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that the chemically active or actinic ray» are the most refrangible, H. Davy (1812) 
also noted that rays at tlie violet end of the spectrum are more active in promoting 
the decomposition of chlorine water than the other rays. N. T. de Saussurc (1790) 
also found tliat the rate of dccojuposition depends on the intensity of the Jiglit. He 
said in his memoir : Effrls chitniques de la himihe aur unc lumfe monUujne compares 
avecles plaines : ceux quon observe dans les plaines : 

As soon 08 light irnpiugos on dc^phlogistieotecl imiriatic ocitl, it is dec oiii posed. . . , 
Since the decom])Ositioii takes ])laco gratlually, and its velocity, within certain liniitations, 
is proportional to the intensity of the light, 1 had a notion in 1787 of trying if the f|uantity 
of oxygon whi<*h is ileveloped in this reaction cannot bo utilized as a kind of pliotornct<*r to 
incasuro the action of light. 

The observations have been confirmed by T. Torosiewiez (LS^G),-^ wlio noticed 
the decoin|)osition ])ro(‘ee(ls more rapidly in white than yellow glass ; by J . W. Draper 
(IHIf)) ; \V. 0. Wittwer (IHrm), etc. According to J. VV. Draper, warming the chlorine 
water facilitates the action cjf light, but does not itself provoke the reaction ; and 
lie states that ‘‘ the decomjiosiiion of water once begun in the sunbeams goes on 
afterwards in the dark,” for a bulb of chlorine water wliich has been exposed to 
sunshine was placed in the dark and the cjuaiitity of gas given oil during the iirst 
six hrs. was 

]>t ‘Mil nil r>Ui C^Ui hr. 

Cas cvolvetl . 0*0102 0*0150 0*0080 0*0000 0*00:}8 O OOO I ciih. in. 

and tliencjeforth for four days in diminishing c[uantities. lie says the evolution 
of gas is not altogether due to the gradual escape of oxygen formed while the*, 
lieplid was exposed to the sun, and held in a state of temporary soln., nor 
to tlie (Icconiposition of hydrogen peroxide or chlorous acid formc'd in the 
liquid. The quantity given oil in the dark depends on the intensity of the 
light to which it was originally exposed, ami on the time of exposure. The cause of 
the decompositiou of insohited chlorine water in darkness was attributed to a change 
in the nature of the chlorine induced by exposure to the sun’s rays, lie says : 

Clilorinc i.s ono of those ollolrojiic bodies with a double form of oxi.sioiictv active and 
passive. As coniinonly prcjiared it is in its passive state ; but on exposure to the indigo 
rays, or other (iausevs, it changes and assumes an active form, lii this latter state, its 
atliiiity for liydrugeii becomes so groat that it dceomposos water without ditlieulty. 

The decomposition of chlorine water when placed in the sunbeam, adds J . W. Draper, 
does not begin at once, but a certain space of time intervenes, during which the 
chlorine is undergoing its specilic change. R. Bunsen and il.K. Ros(‘oe do not 
consider that the .modification whu li elilorine undergoes by exposure to light is so 
])ersistent as J. W. Drafier rei'ords ; ])Ossibly, said the latter, because “ the insolation 
to which the chlorine w^as submitted was not contimn'd sufliciently long, or pcrhajis 
the light w^as not sufficiently intense.” There is no doubt that chlorine prepared 
under ordinary conditions can assume an active and a [lassive state, lule infra. 

F. Wohler foinul that wlien chlorine hydrate in a scaled glass tube is eX|)oscd 
to sunlight, it forms two Ji<juids, but does not deconqiose, since, after a summer's 
exposure, the two liquids re-form (dilorine hydrate wdicn winter returns. The same 
phcnoniena occur if the chlorine hydrate is warmed and cooled under similar con- 
ditions. A com?, soln. of chlorine water is far less ])roiic to decompositioji on exjiosure 
to sunlight than is a more dil, soln. J. M. Eder found the same to be the case with 
bromine water, but he also found that, a com*, .soln. of chlorine water lost 53*95 per 
cent, of chlorine while a dil. soln. lost 41*87 })er cent, under similar conditions, but 
he does not state the coiu'ontration very exactly. A. Tedh r further showed that 
soln. more cone, than one mols. of chlorine with Gl mol. of w ater* had not decomposed 
])erccptibly after a two months' exposure to trojiical sunlight, and wdth that in- 
creasing dilution, the action became 2)rogressively greater, as illustrated in Table VII. 
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E» Klimenko 2 ^ lias confirmed the observation that dil. soln. of chlorine wat^r 
decompose more rapidly than cone. soln. ; and K^^as studied the influence of hydto- 
chloric acid and various chlorides on the action of sunlight on chlorine confined in 
sealed glass tubes. J. Billitzcr found that the presence of small quantities of 

Tablk VII. — Actiok of Tropical Sunlkjut on Chlobink Watjcil 


M(»l. of watwr pt‘r mul. 

1 

Time ot exiHWiiro to 

Percent aye of chlorine 
which iiu<i acted on the 

chlorine , 

uctual suullglit. 

1 water. 

04 

2 mills. 

nil 

88 

132 hrs. 

29 

130 

1371 „ 

40 

140 

1371 „ 

20 

412 

1371 

78 


hydrogen chloride increased tlie s])eed ol decomposition l)Ut with larger amounts ; 
K. Klimenko observed the speed of the reaction to hr. retarded by tiie jiresence of 
hydrochloric acid and chlorides, and this the more with the chlorides of the alkalies 
than with the chlorhlcs of the alkaline earths ; and the retardation is also greater 
with the elements of a given group the greater the at. wt. of the metal. For 
example, with soln. containing a mol. of the given salt per litre, and the same 
ipuintity of chlorine, the amount of chlorine remaining after the same exposure when 
referred to a tube with hydrochloric acid as unity, was as follows — HCl unity : 

LlCl NttCl K(’l CaCla XiaVl^ WaClg ZnCl.^ 

0S070 0-1732 0-0900 0*3901 0*3022 0*2840 0*530 0*2004 0*042 


The (juantity of chlorine which does not take part in the decomposition is inde- 
pendent of the time of exposure. 

If a beam of light of intensity is changed by an amount — (// in passing through 
a layer of fluid of thic^knevss dx, it is a.ssumed that di is j)ropoi*tioual to dx, and to 
/q, so that ‘—dl-'‘ali)dx, where a is a constant. By integration, the intensity 1 of 
the light after it has passed a layer of fluid of thickness j::, is/> The constant 

a depends on the nature of the substance and the wav(i-lej>gth of the incident beam 
of light. It is called tlic coefficient of absorption of the substance for the light in 
question. If a beam of light traverses a thin layer of chlorine water of concentration 
( Q, W. C. Wittwer, in his pajjer Ueher die Eimvirkung dcs Lichte nuf Chlorwasser 
(1855), sliovred that tlie amount of hydrogen chloride, dC, formed in the time r//, 
is proportional to the concentration s of the chlorine water, and to the intensity /q 
of the incident liglit ; or dC--Vldt^ that is, the concentration C of the chlorine at 
the end of the time I is C- (\ye If the time is constant, and the layer of licpiid 
have a thickness dH, the light changes dl — — JC\)dS, or the intensity of the light after 
it has traversed a layer iS is /- ; and represents the loss 

which the light has suflered in passing a distance dti. Hence, the change dV in the 
cone, of the chluiine water, initially C\j, when light of intensit^^ 7^ traverses a layer 
of thickness aS in the time (/r will be c/f/— f an expression which 
W. €. Wittwer found to be a[)plicablc to tliis reaction. By keeping the experimental 
conditions constant, this equation retluces to dC^^kCdi, where k is a constant ; 
if a denotes the initial conuentratioii of the <*hlorine, and Sdx the amount decomposed 
in the time eft, dx^k{a-'X)dt, and W. C. AVittwer’s equation assumes the integrated 
form 





a 


a — x 


This equation is valid for ])uro chlorine water wdien the conditions arc such that 
the field may be regarded as uniform ; the constant k, however, increases as the 



THE HALOGENS 


81 


chlorine is consumed because th^field of illumination becomes more uniform tlie 
more dil, the soln. If chloridesflfe present in the soln., H. Tuchci assumed that 
part of the chlorine in soln. is present as trichloride, and this ])ortion of the gas is 
not directly concerned in the reaction : 21f20+2Cl2— 'fHCl4 ()2' If f denotes the 
initial concentration of tlie (jhlorinc directly concerned in tliis reaction, the preceding 
equation reduces to the form : 

which is applicable to the decomposition of soln. of chlorides in water, when 
represents the amount of chlorine which does not take a direct part in 
the decomposition, 2H2()H-2Cl2— 4H01-f-O2. Only for pure chlorine water 
docs 

According to C. F. Biirwald and A. Monheim (1835), the decomposition is accele- 
rated by the presence of organic substances. J. Milbauer tried the effect of thirty- 
two metal chlorides; of sodium tungstate and molybdate ; of uranyl sulphate; and 
of sulphuric, selcnic, arsenic, and boric acids on the photo-dccomposition of chlorine 
water, and fouml that none accelerated but that most retarded the action. 
Chlorine (uitalyzes the decomposition of bromines water ; ai;d bromine, chlorine 
water ; while iodine does not accelerate, but rather retards the reaction, probably 
by forming relatively stable iodine comj>ound8. A. Benrath and H. Tuchci found 
the temp, coeff, of the velocity of the reaction with chlorine water between 5° and 
30'' increases in the ratio 1 : 1*395 per 10'". 

Tlie hydrolytic reaction between water and chlorine results in the formation 
of hypochlorous acid : H204'Cl2-=HCl+HOCl ; and in feeble diffused daylight, 
the hypochlorous acid is decomposed into chloric acid and oxygen : 3H0C1— 2HC1 
4-ITCIO3, according to R. Klimenko ; or 8HC10=^2HC103d-6H01+02, according to 
A, Bedlcr/^^ so that chloric acid is always found among the products of the decom- 
position. Aq. soln. of chloric acid alone arc not decomposed by light ; but this 
does not apply with chloric ac id in the presence of hydrochloric acid. G, Gore found 
the electromotive force of chlorine water decomposing in light gradually diminishes 
to a minimum value when the soln, contains hydrochloric, chloric, and hypochlorous 
acids ; on further exposure, the electromotive force increases slowly until the soln. 
contains nothing but hydrochloric acid and hydrogen peroxide. Hence, says 
G. Gore, these are two essentially different })hase8 in the reaction — (i) the formation 
of ciilorine acids ; (ii) the decomposition of thest? acids into hydrochloric acid and 
hydrogen peroxide, but the presence of the last-named compound has not been 
confirmed. A. Popper could detect no perchloric acid in the products of the 
reaction ; but J. Billitzer has reported the presence of traces of this acid. According 
to A. Pcdler, the more cone, the soln, of chlorine water, the more nearly do the 
products formed by the action of light approach the values indicated in the equation : 
2TI2O4-2OI2— 4HCI+O2, but as the amount of water is increased, the proportion 
of chloric acid in the product increases. The side reactions which oc('ur in the 
decomposition of insolated chlorine water, and the effect of the various products of 
decomposition on the speed of the change, render the reaction, 2H2O+2OI2— 4HC1 
-f-02, an unreliable foundation for the construction of such a photometer as" was 
suggested by N, T. de Saussure (17V)()) to measure the intensity of light in terms of 
the volume of oxygen evolved ; similar remarks apply to W. C. WitWer’s photo- 
meter which was based on the decomposition of a 0*1 to 0*4 X)er cent. soln. of chlorine 
water. R. Bunsen and H. E. Roscoe also said that the many sources of error 
involved in the measurement of the intensity of light by the chlorine water photo- 
meter make the results of no value. 

According to 0. Lowig,^^^ bromine water in light behaves in a similar way to that 
of chlorine water, but as, J. M. Eder Showed, bromine water is much less sensitive 
to light in tlxat it decomposes with but one-sixth or onc-twelfth the speed of chlorine 
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water. The presence of tartaric or citric acid accelerates the decomposition of chlorine 
or bromine water in light. According to C. F. Cross and A. Higgin, water is not 
decomposed by bromine or iodine if heated eight days in a sealed tube at 160"", 
but if a metal salt bo present like lead acetate, the bromide or iodide is preci])itatcd. 
H. VV. Vogel states that iodine water is stable in light. According to H. Bordier, 
X-rays, like light, decolorize dil. aq. soln. of iodine or starch iodide ; and the 
X-rays effect a change in a few iniiiiites which requires several hours with ultra- 
violet light. 

The solubility of the halogens in acid and salt solutions.- 1 hesolubility of clilorim* 
in various salt soln. has been determined by W. L. Goodwin/^'^E. G. Kiimj)f, C. A. Kohii 
and P. O’Brien, etc. W. L. Goodwin used the chlorides of lithium, sodium, })otas- 
siuni, calcium, strontium, barium, magnesium, (*admiam, iroii(ic), cobalt, nickel, and 
manganese, and found the solubility is increased by the j>resence of liydrogen chloride, 
but is in general decreased by the ])rcsence of the other chlorides. The decrease is 
very marked with the cone. soln. of sodium chloride. The solubility of chlorine in 
sulphuryl chloride, SO2CI2, has been studied by H. Schulze ; in chroinyl chloride, 
Cr02Cl2, by H. W. B. Roozeboom ; in soln. of sodium chloride, by E. O. Mandala ; 
and in arsenious chloride, ASCI3, by B. E. Sloan. Som(‘ results at atm. press, are 
indicated in Table VTII. 

Table Vlll. — S olubility oc Oiiloiune in Salts Soi.utjons. 




Temp»»rat Lire. 

Water. 

Hydroohlorie arid. 

hi 20 

hi 1 1*41 

Sodiinti 

IM'f 

rhl(n i<i.! 
c<*ril . 





per cent. 

iM'i ccnl. 





Sp. sr. 

S]>. gr. 1125. 

KCl. 

; Lid. 

007 1 

•jtvyo 

0’ 



41 

7:1 

1*5 

2*S 

2:1 

0-50 

5^ 

2*0 

r.i 

0*7 

2*(^ 

2*4 

2*0 

0*U 

10^ 

2-7 

M 

01 

2’2 

2*1 

1*7 

0-10 

15” 

2*5 

1 

5 5 

I'd 

2 (1 

1*4 

o;{(i 


2:{ 

:?•(» j 

4*7 

J*2 

l’() 

1*2 

o:m 

25” 

2*00 

2-0 

40 

10 

1*^ 

0*04 

o;m 


1*8 

2-(t 

— 

0-9 

1:1 

. - 


40” 

i 1:15 

1-25 

. ^ 





50” 

1*0 

1 

— 



-- 

0*2 

80” j 

— 

j 

■ — 




0*05 

1 

. 


i 







W. L. Goodwin carried the solubility curves down to teni]). at wlii(‘li chlorine 
hydrate was formed, and he noticed (1) tliat tlio solubility cui ve increased with 
rising temp, to about lO"", as in the case of chlorine in water ; and (2) that the preseiu e 
of chlorides in soln. lowers the temp, at which the maximuiii appears, and also the 
temp, at which the hydrate sejjarates. Otliorwise expressed, the jueserice of 
chlorides in soln. hinders the formation of chlorine hydrate. The increas<Ml solu- 
bility of chlorine with an increase in the cunc. of the hydrochloric, acid may be note*!. 
H. B. Roscoe^^ found that the coeif. of absorption of chlorine was Zo7/;mxZfrom 2*3b 
to 1’08 at 14"^ by liydrochlorici aedd. M. Be.rthelot found that the 

absorption ooelf. was nnsed in presence of hydrochloric, acid, for a 38 per cent, 
soln. of hydrogen chloride absorbs 17*3 grrns. of chlorine per litre ; a 33 per cent, 
soln. 11 grms. ; and a 3 [>cr cent. soln. 6 grms. of chlorine per litre. At 21'' the solu- 
bility of chlorine in a dil. hydrochloric acid decreases with increasing cone, of the 
acid, to 1*50 with a 0*94 per cent, of soln. of HCl. This corresponds with the general 
behaviour of chlorijic in aq. soln, of the other chlorides. After this, the solubility 
curve of (chlorine almost doubles on itself, for the solubility of the chlorine now 
increases with increasing cone, of acid up to a Solubility of .38*2 with a 31*2 per cent, 
soln. of ifCI. The increase was attributed by J. VV. Draper (1843) to the possible 
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formation of a bichloride of hydrogen, and by M. Bcrthelot (1881) to the formation of 
hydrogen perchloridc, ThitJ was confirmed by the fact that (he hefit of soln. 

of a mob of chlorine in hydrochloric acid is much greater lljuii in pure water- - with 
water, the heat of soln. is 7 rJ Cals,, and with lICl-bl'bH^^O, b*4 Cals. M. Berthclot’s 
hypothesis is the most probable explanation of the phenomenon, although there is 
nothing in the experimental data to show that particular })olyehloi*ide is formed. 
This hypotliesis is also in line with the behaviour of tlie other halogens in soln. of 
the corresponding alkali halide, or haloid acid. 

The general effect of the presence of a salt in soln. is to reduce the solubility of 
bromine, and this the more th(i greater the com*., of the salt. l<'or example, with a 
y-iV-soln. of sodium nitrate, 3*371 gnus, of bromine were dissolved ])er 1(K) c.c*.., 
and with a iV-soln., 3*88 grins., while tlie solubility of bromine in water at 25^ is 
3*395 grms. per 100 c.c. The effect of a few typical salts, in grms. ])er 100 c.c., on 
the solubility of lironiinc — grams per lOO c.c. in water is as follows : 


Salt . 

K 2 SO 4 

U-II 8 

.NaNOa 

8' 500 

NnCl 

5*850 

Toot 

(UI.^.COOJS'iK 

■ 7*709 

TI 2 SO 4 

4*90.3 

moinino 

2-4S 

2-80 

5*590 

7*77 

3-1 *05 

2*93(5 


The increase in the solubility of bromine in soln. of ammonium salts is very marked, 
as is also the case with the alkali c.hlorides. The case with the alkali bromides is 
specially inteiH'sting. 13ie solubilities by F. F. Worley «are indicated in Table IX. 
IMie marked increase in the solubility of bromine in soln. of potnssium bromide was 
attributed by M. Roloff to the formation of molecules of KHr;j. He shook up a soln, 
of bromine in carbon disulphide with water and with an aq. soln. of potassium 
bromido, and m(‘asured the concentration of the bromine in the two layers. 
M. Wilflernuum has shown that the density of bromine va[)our over a soln. of 
potassium bromide sut. with bromine is the same as over water sat. with bromine, 
indicating that the cone, of the free lironiinc in all the acj. soln. is the same, and 
any excess in the ])resencc of potassium bromide must be united with the potassium 
bromide. All the bromine dissolved by a soln. of potassium bromide can be removed 


TaBCC 1 X. • -SOLIJJIIT.ITV OF liltOMTNK IN SOLUTIONS OF PoTA.SSlUM HltOMTDK 

(F. V. WouLi:^ ). 


Ptitassiiiin lnDui’ult! per litre 

.. 

llroiiiine dissolved per Hire, 


ta sr 

ml ion. 

2( 

i*,^C' 

18*.V’ 


Mol. 

(inns. 

(Jruin-jitDJiiri. 

(Inns. 

(Irain-atoiiKs. ! 

1 

Grms. 

0 

0 

(t 4;{ 

34*23 

1 . 

0-t45 [ 

25*5(i 

0*02 

2*18 

0*47 

37*35 

0--4S ' 

38*50 

0*04 

i I’.-iS 

0*57 

•10-70 

0*52 

4 1*91 

0*05 

1 0*55 

0*55 

41*21 

0*57 

45*31 

0*08 

1 8*70 

0-.59 

47*33 

0*01 ; 

48*4 4 

0*10 

1 10*91 

0*(55 

51*87 ; 

0*(i5 

52*23 

0*20 

: 21*82 

0*80 

08*07 \ 

0*87 I 

()9(i9 

0*40 

1 43*8*2 

1*27 

101 *(50 

1 *3 1 

(04*90 

0()0 

05*4(5 

1*07 

! 133*70 

1*77 ' 

141*00 

0*80 

1 S7*(54 

1 2*10 

1 108*10 

2*23 ! 

178*70 

0*90 

98*19 

! 2*335 

180*20 

1 

2*485 

108*70 


by successive extractions with carbon disul})liide, or by a stream of air. Heme it 
must be assumed that the polybromide formed is stable only in the presence of free 
bromine. For equilibrium, Hr4 i^^Bro, and that there is a progressive 

dissociation of the polybromide, KBr„ 1 1 as the cone, of the free bromine is 
diminished. Table IX shows that if the amount of bromine dissolved by the water 
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be assumed constant, and the result be subtracted from that actually dissolved, the 
inciease in the solubility of bromine is directly proportional to tlic amount of 
potassium bromide in the more dil soln. Hence it i:^ probable the whole of tlie 
potassium bromide in soln, unites with bromine to form tlie polj’^bromide. J he 
effect of a variation of temp, is negligibly small, and consequently it is inferred that 
the polybromide is not appreciably dissociated at these temp., since it is not likely 
that if the polybromide is partly dissociated, the degree of dissociation will be 
independent of temp. With these assumptions, the amount of bromine dissolved 
by the more dil. soln. of potassium }>romide corresponds with the amount required 
to convert all the dissolved ]>otassium bromide, KBr, into potassium tribronude, 
KBijj. The still greater solubility of bromine in soln. containing over OT mol. of 
potassium brojiiide per litre is taken to indicate a tendency to the formation of a 
still more complex polybromide, say, the pentabromide, KBr 5 — vide § 11 in the next 
chapter. 

J. M. Bell and M. L. Buckley found the solubilities of bromine (w gram-atoms per 
litre) in soln. of sodium bromide contaimTig iv grins, per litre, at 25‘" : 

w . , . 02-0 UiOfi ,20i5-8 255*8 2 ID *7 .S5D0 408 3 

n . . . 2-47D 4*345 DIDS 8*575 13 05 1004 20'85 

Sp.gr. . . 1*213 1*372 1*515 1*078 1*9D7 2*137 2*420 

A. F, Joseph gave for the solubility of bromine in aq. soln. of potassium bromide 
or rather the c.onverso, in grams per 100 grms. of water at 33*4^^ : 

w . 725*0 733*9 740*7 750*2 704*3 77M 801*3 845 0 

n . 0 24*0 39*0 74*3 120*9 137*2 229*7 382*1 

Sp.gr. 1*3917 1*4003 1*4132 1*4350 1*4033 1*4753 1*5230 1*5080 


A. F. Joseph found that the solubility of potassium bromide in water 
is increased by the addition of bromine. For moderate cone., about lialf a mol. 
of bromide is dissolved for each mol. of bromine adfled to the wafer. Tliis 



Fig. 21. — F. P. Worluy’s Apparatus. 


to show tliat the relative pro[)ortions 


corresponds with that required for the 
formation of potassium tri bromide. The 
limit of thesolvcfit ca])acity of \vater was 
not reached with soln. containing over 
2tXH) grms, per litre. There is, however, 
a maximum vol. cone, of bnmiide which 
corresponds with between 2(X) and ‘iOCIO 
grms. of bromine per litre. 

By assuming a detinitc formula for the 
polybromide attempts have been made 
the substance concerned in the reaction are 


in accord with the law of mass action. For examplf\ with the polybromide KBr.nBro 
of cone. C, where the dissociiition ])roducts are KBr of com\ and nBr of cone. 
the equilibrium condition is that where /\ is the equilibrium constant! 

If the soln. arc sat. with bromine, and the cone, of the free bromitie in the soln. is 


constant, A Cj— Cj, meaning that the cone, of the polybromide is pro])oriional to the 
uncombined potassium f)romi(le, and the constanev of the eciuilibrium cmistant Ls 
independent of the value of n. If the .soln. are not sat. will) bromine, the equation 
KC eau be applied when the relative amounts of free bromine and of bromine 
combined as polybromide have been determined. No analytical process involving 
the removal of bromine from the system is applicable since the polybromide is 
decomposed as fast as the free bromide is removed. F. l\ Worley obtained the 
desired data by simultaneously shaking, without mixing, two soln. of bromine— 
one in pure water, one in a soln. of potassium bromide of known cone, in an 
apparatus, hig. 21, with a common vapour space for the two soln. When the 
system is in equilibrium, it is assumed that the cone, of the fj*ee bromine in the 
two soli), is the same, since oacli is in equilibrium with the same vapour space, 
1 he determination of the free bromine in the water is made by direct titration. 
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The results agree better with the assumption that tJian altliough in neither 
case is the value of K constant. This is taken to moan tliat a sin«Il aniount of a 
polybromidc, more complex than KBr 3 , is also forjned. 

G. Jones and M. L. Hartmann's measurements of tlie electrical conductivity of 
sn\. soln. of bromine in water and soln. of potassium bromide are interpreted to 
mean that bromine dissolves as Br 2 ; thai tliis is followed by a reaction 
Br 2 4-HoO^HBrO-(-H -f-Br'; and simultaneously by KBr 1 Btg^KBrg ; and by 
2Bro |-KBr^KBr 5 . A sat. soln. of bromine in water at ()"' has tlio comj)osition 
in mols. per litre:' (V25:3D Br 2 ; OOOlua') H* ; ()*(K>)12() Br'; 0(0628 Brg' ; and 
O'OOO^Jl Br 5 '. The equilibrium constant K in /v;JBr;/l — [Br')[Br 2 l is OOb] ; and 
in /iCslBrs'j "-jBr'IlBr^j^. The hydrolysis constant I\- in A7Br2h^d It' lll^r'||H()Br] 
is 5*7 XlO ' E. ()" Mandala measured the solubility- of broinirio in hydrochloric 
and liyTirobromic a(‘ids 

The solubility of iodine in aq. soln. of various salts is somewhat similar to the 
hehaviotir of these salts on the solubility of bromine. The solubility^ is reduced by 
sodium and potas^sium sul])hates and nitrates ; it is raised a little by potassium and 
sodium chlorides, and considerably 1)}^ ])otassium and sodium bromides, ammonium 
salts also increase the solubility of iodine ; borioacid has but little influence. C. Kraus 
found tlie solubility of iodine is considerably augmented in the presence of hydro- 
(•hlori(! acid ; phosphoric acid dissolves iodine slowly in the cold and rapidly wlien 
lieated, and similarly also in acetic, tartaric., citric, and tannic acids. Tlie solu- 
bility of iodine in c.onc. sulpliuric acid (over 83 per cent.) is about 6*6 grms. per 
litre; the colour is violet, which becomes yellow on dilution until, with 42 per cent, 
acid, the colour is brown. According to W. Vaiibel the absorption spectrum of the 
dil. soln. shows red, yellow, and green, but not blue absorption bands ; with the 
y^ellow soln. there is no green band. A. Ilantzsch and A. Vagt explain this by’' 
assuming a brown hydrate of iodine is formed if sufficient water be present, and 
wffien the cone, of the acid is great enough no brown hydrate is formed and the 
anhydrous iodine sliows its clmracteristic violet colour. Soln. h\ nitric acid behave 
similarly. The solubility of iodine in potassium iodide soln. follows the same 
general character as that of bromine in soln. of ])otassium bromide, but the effects 
produced are more marked. This is illustrated in Table X. 


TaBLK X. ' KrFK( T OF POTAS-SJUM lODTOK ON THE SOLIUULITY OF loDTNE. 


T’otavssiuni iodido- jxjr litre. 



(iraniM. 

0 

0 

o*s:io 

I *37 

1*661 

2*75 

3*322 

5*51 

6*643 

1 1 *03 1 

13*29 

22*07 i 

26*67 

44*15 i 

53*15 

8 S *:30 1 

106 -30 

176*60 ! 


— per litre. 


MilHKnim nioleculoa, ! OraiU!:>i. 

1342 o:uo 

1 - 8 I 4 0-461 

2'2:\r> 0*568 

:} 0.52 , 0*775 

4*6<i7 . 1*185 

8 * 00.3 I 2*032 

14*680 ' 3*728 

28*030 I 7*119 

56*280 14*040 


A soln. of twenty-two grains of iodine and thirty-three grains of iodide of 
potassium, in one ounce of distilled water ” forms the liquor iodi of the British 
Pharmacopa?ia. The effet^ts produced hy the ainmoniuin salts arc attributed to their 
liydrolysis into ammonium hydroxide, and tlie consequent formation of ammonium 
iodide or polyiodide. The effects produc(‘d by soln. of the lialide salts are doubtless 
due to the formation of polyiodides as in tlie analogous case with bromine and 
potassium bromide. A. A. Jakowkin allowed earbon <lisulphide to remain in contact 
witli a(p soln, of iodine and potassium iodide until equilibrium was attained ; and 
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assumed that any free iodine always divides itself between the water and carbon 
disulphide in the ratio 1 : 410, as is the case if potassium iodide be absent. Assume 
that in the aq. soln. there is the balanced system : Kl3^KI+l2. If b^oI. of free 
iodine bo contained in unit volume of the potassium iodide soln. which contains a 
mol. of potassium iodide, there will be present l—x mol. of the complex KI3, and 
rt— (1— 0?) mol. of potassium iodide. Consequently, by the law of mass-action 
(1 — x)K*— (a — A. A. Jakowkin was able to calculate the equilibrium 
constant /C, and found the results in harmony with this assumption, for K varied 
between 1577 X 10“ « and 1808 X 10““^ ; whereas with the assumption that the system 
is KItt-:KI+2l2, K varied from 10,180x10-6 to 461 X 10“ 6. The argument does 
not apply to cone. soln. of potassium iodide, where there are indications of higher 
polyhalides than KI3. With iodine and potassium bromide, mixed polybalides are 
formed— e.y. potassium iodobromido, KBrl2. The effect of chlorine on the alkali 
chlorides is thus quite different from the effects of the other two halogens on their 
alkali salts ; and less than the effect of the other two potassium halides on the 
fsolubility of iodine. The solubility of iodine in tvater is 0*340 grm. per litre at 25® — 
E, 0. Mandala and A. Angenica give 0*0334 per cent. . or 0*00131 mol . per litre at 25° ; 
with a normal soln. of potasskm cldoride, the solubility is 0*658 ; with a normal soln, 
of potmsium bromidCy 3*801 ; and with a normal soln. of potassium iodide, about 14 
grins, per litre. E. O. Mandala and A. Angenica measured the solubilities of iodine 
in aq. soln. of various concentrations of hydrochloric acid, liydrobromio add, and 
hydriodic acid, and found it to be equal to that in the soln, of the corresponding 
potassium salt of the same cone. Hence, the solubility of the iodine is specific to 
the halogen ion, and is independent of the nature of the positive ion of the halide. 
The f.p. of soln. of hydriodic and hydrobromic acids are not altered by the 
dissolution of iodine. 

Iodine and bromine are fairly soluble in arsenic chloride, ASOI3 ; ^2 iqO grms. of this 
compound dissolve 8*42 grms. of iodine at 0®, 11*88 grms. at 15®, and 30*89 grms. at 
96°. A little iodine and bromine dissolve in sulphuryl chloride, and the soln. conduct 
electricity. P. Walden explains the conductivity of, say, iodine by assuming the 
molecule of iodine is ionized into a positively and negatively charged iodine atom ; 
I2— T*+I'- Iodine and bromine also form conducting soln. in liquid sulphur dioxide, 
and the soln. of iodine is violet ; according to J. Inglis, the soln. of iodine in sulphur 
chloride, S2CI2, is a conductor of electricity, and according to E. Solly, a non-conductor. 
Iodine dissolves in liquid ammonia forming, according to K . C. Franklin and C. A. Kraus, 
a series of substitution derivatives, NH4I and Nl3./?NH3, where n stands for 1, 2, or 3. 
The colour changes according to C. Hugot from black to red, to pale yellow. 
According to U. Antony and G. Magri liquid hydrogen sulphide forms a dark red 
soln. without perceptible reaction. F. Sestini found iodine soluble in liquid sulphur 
trioxide to the extent of about 200 grms. per litre ; and E. H. Buchner that iodine 
dissolves in liquid carbon dioxide to the extent of 5 per cent., while bromine is slightly 
soluble in the same menstruum. According to B. D. Steele, D. McIntosh, and 
E. H. Archibald, bromine dissolves in liquid hydrogen chloride and raises its electrical 
conductivity. 

The solubility of the halogens in organic solvents.— L. Bruner ^3 has measured 
the solubility of iodine in mixtures of ethyl alcohol and water at 15® ; 

Alcohol . 10 20 40 00 80 90 100 por cent. 

Iodine . 005 OOO 0'20 114 420 7-47 15-67 ,, „ 

N. Sohoorl and A. Kegenborn say that owing to the ready formation of hydrogen 
iodide, accurate determinations of the solubility in aq. alcohol can be made only by 
maMng a sat. soln. of iodine in absolute alcohol, diluting the soln., and determining 
the iodine at once. The solubility follows a fairly regular course : 

Per cent, alcohol . 100 96 90 80 60 40 20 lo 0 

Pct cent, iodine . 20 14-8 11-4 7-2 2-3 0-66 0-08 0-046 0-025 
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When the amount of ethyl alcohol exceeds 18 per cent., the addition of water causes 
a precipitation of iodine, at' lower alcohol cone, there is no precipitation. The 
maxianum precipitation occurs when just enough water is added to bring the alcohol 
cone, to 18 per cent. 

The tinc^ura iodi of the British Pharmacopceia is a soln. of “ half an ounce of 
iodine, and a quarter of an ounce of potassium iodide in a pint of rectified spirit.’’ 
P. Wantig found the mol. ht. of soln. — 1*941 Cals., and S. U. Pickering *—1*714 
per 880 mol. of ethyl alcohol. C. Lowig found that alcoholic tincture of bromine is 
slowly decomposed in darkness, rapidly in light. Alcoholic soln. of iodine, according 
to H. E. Barnard, are stable in light and in darkness, but according to J. M. Eder 
they decompose 1000 times more slowly than chlorine water under similar conditions ; 
T. Budde has shown that hydriodic acid, acetic ester, and aldehyde are formed, and 
the electrical conductivity of the soln. increases. J. H. Mathews and E. H. Archi- 
bald and W. A. Patrick found a freshly prepared iV-soln. to have an electrical 
conductivity of 2*4xl0"“<* reciprocal ohms ; and a sat. soln., I’filXlO”’^ reciprocal 
ohms at 25'^. The decomposition is accelerated by the presence of platinum. 
The heat of soln. decreases with concentration from —7*92 to —7*42 cals, respectively 
for dilute and sat. soln. in methyl alcohol, and likewise from —4*88 to —5*22 cals, 
for similar soln. in ethyl alcohol. The solubility of iodine in aq. soln, of propyl 
alcohol is not very different from that in ethyl alcohol. 

H. Arctowsky has measured the solubility of iodine in benzene, chloroform, ether, 
and carbon disulphide — in some cases at very low temp. At —83’^, 100 grms. of a 
'sat, soln. of iodine in ether contain 15*39 grms. of iodine, and at —108*^, 15*09 grms. 
8 . U. Pickering found the mol. ht. of soln. — 1*536 per 800 mol. of ether. The 
following results are expressed in grams of iodine dissolved per 100 grms. of the soln. 
P. Walden has measured the electrical conductivity of ethereal soln. of iodine ; the 
conductivity increases with time, probably owing to chemical changes. According 
to J. Traubc, iodine reacts with both ether and alcohol if heated in sealed tubes ; 
and according to D. McIntosh with ether, forming C 4 H 10 O.CI 2 at —51°. The solu- 
bility of iodine in benzene is : 

4 * 7 * 6*6*’ 10*5*^ 18-7® 

Iodine . • 8*08 8*03 9*60 10*44 1 1 ‘23 per cent. 

and the mol. ht. of soln. is —4*681 Cals, according to P. Wantig, or —6*114 Cals. 
})er 1200 mol. of benzene according to S. U. Pickering. The viscosity of a soln. 
of bromine in benzene is 0*00737 at 12°, The diffusion constant of iodine in benzene 
is 1*41 grm. and of bromine in benzene 1*75 per sq. cm. per day. L. Bruner noticed 
that soln. of iodine in fiitrobenzene conduct electricity, but not if all is thoroughly 
dried with phosphorus pentoxide. H. M. Dawson found that 100 c.c. of nitro- 
benzene dissolved 5*077 grms. of iodine. A. F. Joseph measured the solubility of 
potassium bromide in soln. of bromine in nitrobenzene. 

1 n chloroform under similar conditions : at — 73*5°, the solubility of iodine is 0*080 ; 
at —60°, 0*129 ; at —49°, 0*188 ; and, according to W. Duncan, at 10°, 1*77, or one 
part of iodine required 5*66 parts of chloroform for soln. According to E. Beckmann 
and P. Wantig, in the proximity of the f.p. of chloroform, — 61°, almost all the iodine 
separates from the soln. and only 0*0164 per cent, remains. A. Hantzsch and 
A. Vagt give for the solubility in chloroform at 0 °, 1*96 ; at JS®, 3*78 ; and at 30°, 
5*56 grms. of iodine per 100 grms, of soln. The mol. lit. of soln. is — 6*484 Cals, 
according to B. Wantig, or —6*014 Cals., according to S. U. Pickering, per 740 mol. 
of chloroform. A. A. Jakowkin gives for bromoform at 25°, 18*955 grms. of iodine 
Ijer loo c.c. of the solvent. The solubility of iodine in co/rbon disulphide^ which 
solidifies at —116°, is : 

-100“ -20** 0 ® 10 ° 20 ° 26*^ .W 42® 

lodino . 0-32 114 7*89 10'6I 14*62 16*92 19‘26 26-75 per cent. 

A. A. Jakowkin’s number at 25° is 23*0 grms. of iodihe per 100 c.c. of sat. soln. 
corresponding with 15*4 grms. of iodine per 100 grms. of soln. H. Arctowsky found 
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100 gtma. of a sat. soln. of bromine in carbon disulphide contained 45’4 grms, of 
bromine at 39’0 grms. at •— llO’b'’, and 36’9 grms. at —116°. S. U. Pickering, 
P, Wftntig, and J. Ogier obtained the values —5 '008, — 5'241, and — 4’8 Cals, for the 
mol. ht. of soln. of iodine in 12‘780 mol, of carbon disulphide. The heat of soln. of 
iodine in carbon disulphide decreases from — 17’65 to — 16’65 cals, respectively for 
dil. and sat. soln. J. C. G. de Marignao fotmd the sp. ht. 0'219 and 0*228 respectively 
for soln. of a gram-atom of iodine in 10 and 20 mol. of carbon disulphide. The soln. 
of bromine follow the additive law. The diffusion constant for iodine in carbon 
disulphide is 2*55 and of bromine 3*1 1 grms. per sq. cm. per day. The viscosity of a 
sat. soln. of bromine in carbon disulphide is 0'00378 (1 6°), and of iodine 0'00378 at 16°. 
According to A. Harion, the refractive index of a 0*2 per cent. soln. is 2*074 for the 
D-line, and 1*982 for the (?-line, if the soln. follow the additive rule. There is 
anomalous dispersion. The absorption spectrum of a soln. of bromine in carbon 
disulphide is not that which characterizes liquid bromine. The soln. are non- 
conductors of electricity. The colour of the soln. like the vapour is purple in thin 
layers, blue in thick layers. 

A sat. soln. of iodine in methijl iodide has a sp. gr. of 3*548 at 23° ; the solubility 
increases with rise of temp, and the mixture appears to bo completely miscible above 
the m.p. of iodine. The absorption coeff. of chlorine in carbon tetrachloride, is 83 at 0°, 
and as measured by W. J. Jones at 15°, 61*7. According to L. Bruner and H. Arc- 
towsky, the solubility of iodine in carbon tetrachloride at 14*8° is 20*6 grms. per 
litre, and at 25°, 30*33 grms. per litre. The soln. do not conduct electricity ap- 
preciably, and according to S. U. Pickering the mol. ht. of soln. is — 5*782 per 700 
mol. of water. According to W. Herz and M. Knock, the solubility of iodine in an 
aq. soln. oi glycerol of sp. gr. 1*2555 at 25° (water at 4° unity) and containing about 
1 *5 per cent, of impurities, is : 


Glycerol . 

. 0 

7*15 

20*44 

40*05 

69*2 

100 por cent 

Iodine 

. 0*0304 

0*0342 

0*0482 

0*0875 

0*278 

1*223 „ „ 

Sp. gr. 

. 0’9079 

1*0198 

1*0471 

1*0995 

1*1705 

1-2646 


P. Walden 3* has studied soln, of iodine in acetaldehyde, hydrazine hydrate, and 
acetonitrile ,* .T. H. Mathews, soln. of iodine in pyridine, ethyl, allyl, and phenyl 
isothiocyanic esten, and phenyl isocyanate ,* while If. A. Allen has .studied soln. 
of bromine and iodine in various oiLs. 
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§ 12. Chemical Reactions of Chlorine, Bromine, and Iodine 

Chlorine unites directly with most of the elements. The inert gases of the argon 
family, nitrogtm, oxygen, and some of the platinum metals, resist attack by free 
chlorine, although compounds with all l)ut the inert gases can be obtained in- 
directly. Chlorine unites directly with hydrogen in light, but not in darkness ; the 
union is also induced by the silent electrical discharge, or by the mere ])resence 
of some catalytic agents. Chlorine is not combustible in air. A jet of buriiing 
hydrogen lowered into a jar of chlorine continues burning with the formation of 
hydrogen chloride. Conversely, chlorine gas may be burnt in an atm. of hydrogen. 
Itydrocarbons are decomposed by chlorine ; for instance, a piece of cotton wool 
soaked in warm turpentine (CjoHifl) will inflame when placed in a jar of chlorine. 
The burning of the turpentine in chlorine gas is accompanied by the separation of 
dense clouds of free carbon ; the chlorine combines with the hydrogen forming 
hydrogen chloride. A wax candle burns in chlorine with a very smoky flame ; the 
hydrocarbon — wax— is decomposed in a similar manner. Henc-c, chlorine may be 
regarded as non-combustible, and a supporter of combustion. Ifydrogen and 
bromine unite under the influence of the silent discharge or when heated, but not 
when exposed to sunlight. Hydrogen and iodine unite when heated ; at ordinary 
temp, the reaction with hydrogen and iodine is endothcrmal, bering —0*8 Cals., but 
the reaction is exothermal above about 500^. 

In 1842, T. Andrews ])ointed out that altlioiigh moist chlorine combines 
energetically with zinc, copper, and iron-filings, perfectly dry chlorine '' has no 
action whatever at ordinary tem]>., . . . and the same remarks may be applied to the 
behaviour of dry bromine in contact with dry metals.’' Indeed, thoroughly drv 
chlorine is somewhat inert chemically, and it has no appreciable action upon bright 
metallic sodium, copper, etc. Dried chlorine scarcely acts at all upon dry silver ; 
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moist chlorine readily attacks the metal, more rapidly in light than in darkness. 
Moist chlorine is particularly reactive towards these solids. No one has succeeded 
in drying mercury and chlorine so thoroughly that the two elements do not react 
at ordinary temp. Chlorine does not combine with oxygen directly, although 
several compounds of chlorine and oxygen can be obtained indirectly forming a 
series of chlorine oxides or hydroxy-chlorine compounds. While the affinity of the 
halogens for hydrogen decreases with increasing at. wt., the general tendency with 
oxygen is in the reverse direction, but not in so marked a way as with hydrogen. 
Thus, although fluorine forms no known compound with oxygen, numerous com- 
pounds of oxygen with cldorine have been obtained ; and, judging by the known 
compounds with oxygen, the affinity of bromine for oxygen appears to be less, not 
greater, than is tlie case with chlorine. Bromine seems to occuj)y an anomalous 
position with respect to oxygen, although it must be remembered that bromine has 
not been investigated sor much as clilorine. Bromine and iodine form an 
unstable series of compounds analogous with hypochlorites and chlorates, but the 


bromine analogue of perchlorates has not been prepared. 

To summarize : 

■ 


Fluouink. 

Chlouink. 

Huomink. 

Iodine. 

Oxidizing action . 

• Strongest 

Ve‘ry strong 

Strong 

Weak 

Oxy -acids . 

• None 

HCIO 

UBrO 

HID ' 


HClOa 


— 



HCIO 3 

HBrOa 

BIO3 



HCIO, 

— . 


Oxides 

None 

CI3O 

— 




ClOa 

— 





— 

4O5 



ClaOy 




l\ Hautcfouille and J. Oha])pius - claim to have made a compound, N2CI2OJ3, by 
tfi(5 action of the silent electrical discharge on a mixture of chlorine and oxygen 
witli a trace of nitrogen. 1'he affinity of bromine for oxygen seems to be even less 
than that of chlorine or iodine for oxygen. No bromine oxides are known, but 
several oxides of chlorine and iodine have been made. According to M. Berthelot,^ 
no change could be detected after exposing iodine in an atm. of oxygen to sunlight 
for five months ; but J, Ogier obtained a compound of the two elements under the 
influence of tlio silent discharge. 

The rapidity of tlie action of the halogens on water, previously discussed, is slower 
t he greater the at. wt. of the lialogen. Moist chlorine, or chlorine w^atcr, is a powerful 
oxidizing agent. The decomposition of chlorine water in sunlight has already been 
flisciissed, whereby oxygen gas is given off and hydrogen (diloride is formed : 
2]l20+2Cl2=^4HCl-f O2. This reaction is reversible in light, and even a cone, 
aq. solii. of hydrochloric acid is oxidized by air in light, so that such a soln. acquires 
a yellow colour owing to tlie formation and soln. of free chlorine formed by reaction 
with the absorbed oxygen. W. Henry ^ also found, in 1800, that when a mixture 
of hydrogen chloride and oxygen is passed over platinum black, the mixture is 
decomposed with the formation of chlorine and water : 4H0i4-O2~2H2O4* 2CI2, 
and it has also been shown that the metals, iridium, palladium, ruthenium, and 
osmium act in a similar way. 

The heat of formation of a molecule of water is 68*4 Cals, and of a molecule of 
hydrogen chloride in aq. soln., 39*3 (Jals. Ifence, in the reaction IfoOaq.-f Cl2aq. 

- 2HCl2a(i.+G, the amount of heat required to decompose a molecule of water is 
nearly 10 Cals, less than tliai evolved in the formation of two molecules of hydrogen 
chloride in aq. soln. Hence, the instability of a soln. of chlorine in water might have 
been anticipated from the thermochemical data. If, however, the gases bo in 
question: 2HClgas-b O=H2Ogas+Cl2ps+13*0 Cals., and this agrees with observa- 
tion, for the reaction once stained will proceed to a certain limiting value without 
further heating if sufficient ])recautions be taken to prevent loss of heat by radiation. 
This reaction is the basis of Deacon^s process for chlorine. 
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If a piece of coloured litmus paper, coloured petals of a flower, or a piece of cloth 
dyed with turkey red or indigo blue be placed in a jar of dry chlorine no appreciable 
change occurs ; but if moisture be present, the colours are bleached by the chlorine. 
The action appears to be due to the formation of a colourless oxidation product. 
Ordinary oxygen will not do the work of bleaching. One school of chemists there- 
fore assumes that the oxidation is effected by the nascent oxygen. A soln. of indigo 
is decolorized by chlorine and bromine; and a soln. containing a milligram of 
diphenylamine in 10 c.c. of sulphuric acid is coloured an intense blue. 

The direct union of many of the metals with chlorine is attended by incandescence 
— for instance, powdered antimony, arsenic, and bismuth when shaken into a flask 
containing chlorine. Since the chlorides of antimony, etc., so formed are poisonous, 
the experiments are best made in a closed vessel, or in a well- ventilated fume chamber. 
When the bulb tube containing the powdered element k raised, it is easy to shake 
the contents through the flask of chlorine to illustrate the incandescence which 
attends the combustion, without an escape of the poisonous chlorides into the atm, of 
the room. Copper, or brass foil— Dutch metal — ^phospboms, boron, and silicon also 
ignite spontaneously in chlorine. Molten sodium, hot brass wire, and iron wire also 
burn in chlorine. Liquid chlorine at its b.p., —33*6°, reacts with arsenic with incan- 
descence, but it does not react with antimony or bismuth. Arsenic even reacts with 
liquid chlorine at as low a temp, as —80° when potassium and sodium retain their 
metallic lustre without reaction. Aluminium takes fire in chlorine at —20°, 
but is not attacked at —33*6°, G. Just and F. Haber found that there is an emis- 
sion of electrons as evidenced by electrical conductivity when the vapour of iodine 
acts on the heated metals, aluminium (1 60°), copper, and silver. Yellow phosphorus 
unites with liquid chlorine with explosive violence, and red phosphorus is also 
attacked. Tin and gold are also attacked by the liquid. According to G. Lunge, 
liquid chlorine does not attack iron below 90°, and it is on account of this inertness 
of iron that it is possible to transport large masses of liquid chlorine in iron bombs. 
Chlorine gas attacks finely divided gold at ordinary temp.,^ bromine qiiickly dis- 
solves gold ; dry iodine does not attack gold, but between 50° and the m.p. of 
iodine, gold forms crystals of aurous iodide, Aul. Platinum is attacked by chlorine 
under certain conditions. According to F. Haber, if a platinum electrode be dipped 
into hydrochloric acid containing chlorine, and tjien thoroughly washed with water 
and hot alkali, a blue coloration appears in contact with starch and potassium 
iodide, which is much more intense than that produced by the catalytic action of the 
metal on the oxygen of the air, and it is considered that the metal has been attacked. 
Platinum does not react with bromine either in aq. or in hydrochloric acid soln. 
Chlorine, bromine, or iodine, moist or dry, rapidly attacks mercury.® Sodium is 
indifferent towards bromine or iodine. According to V. Merz and W. Weith ^ no 
reaction occurs even at 300°. A piece of sodium was kej)t in contact with bromine 
for sixteen years without chemical action. With potassium and bromine or iodine 
the reaction occurs with explosive violence. Magnesium foil is not attacked after 
lying for five years in contact witli bromine, but aluminium is rapidly attacked 
by bromine with incandescence. 

Sulphur reacts with liquid chlorine in the proximity of its b.p., and it forms 
various chlorides of sulphur ; similarly with selenium and tellurium ; at lower 
temp, the liquid does not react with sulphur, while it does react with selenium and 
tellurium. Liquid chlorine reacts with sulphur dioxide forming sulphury! chloride, 
SO 2 CI 2 ; carbon disulphide is miscible in all proportions with liquid chlorine without 
chemical action. All hydrogen compounds^ excepting hydrogen fluoride, are decom- 
posed by chlorine with the formation of hydrogen chloride — c.r/. hydrogei^ sulphide, 
hydrogen phosphide, arsenide, iodide, et-c. The metal bromides, iodides» and sul- 
phides are likewise decomposed either at ordinary or at higher teinji. According to 
M. Berthelot,® bromine is absorbed by cone, hydrochloric or aq. soln. of barium or 
strontium chlorides with the development of much heat— owing, ho assumes, to 
the formation of a perchlorobromide, I{"(Cl.Br 2 ) 2 - N. N, Beketoff observed 
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no action between iodine and coDsium chloride after standing for 60 days at room 
tempr 

In their study of the action of iodine on sodium thiosulphate in 1842, M. J. Pordos 
and A. Gelis ® found that a soln. of iodine is decolorized by this salt, owin^jf to the 
formation of sodium tetrathionate, Na2S40(j, and sodium iodide: l2H-2Na*jSj»Ga 
==s2NaI+Na2S40fl. H. Hertlein translates this reaction in terms of the ionic 
hypothesis: 4Na*4“2S203''4'l2— 4Na‘-|~2I'-fS406'^ where the two negative S2O3'- 
anions transfer half their charge to the un-ionized iodine atoms forming two I^-ions, 
and the two S203^'-ion8 simultaneously form one S40Q"-ion, According to C. A. R. 
Wright (1870) and S. U. Pickering (1880), there is a secondary reaction resulting in 
the formation of sodium hydrosulphate. The latter represented the reaction : 

. Na2S203+4l2+6H20=8HI+2NaHS04, and the soln. becomes distinctly atjid ; 
C. A. R, Wright attribute^the formation of the sulphate to the oxidizing action of 
iodine on the tetrathionate, Sy : Na2S406 +7I2+IOH2O ^14HI +2H2S044-2NaHS04, 
and not to the direct oxidation of the thiosulphate, 8. U. Pickering noted that 
a greater proportion of sulphate is formed the higher the temp, — at 0*^ about 
1‘84 per cent, of the iodine is consumed in forming sodium liydrosulphate ; at 10^, 
1*94 per cent. ; at 20"", 2*10 per cent. ; at 2*35 per cent. ; at 5*2"", 3*90 per cent. 

^ — the degree of dilution, the excess of alkali iodide or the amount of hydrochloric 
acid, and the time occupied by the reaction do not affect the result. According to 
R. H. Ashley, the oxidation of the thiosulphate in alkaline soln. progresses further 
than the tetrathionate. G. Topf, J. P. Batey, E. Abel, 0. Friedheim, and others 
have also noted the formation of sulphates during the action of iodine on sodium 
thiosulphate in alkali or sodium hydrocarbonate soln. 1. M. Kolthoff thus sum- 
marized his observations : The tetrathionate reaction occurs in neutral and in 
strongly or feebly acidic soln., while in weakly alkaline soln. some sulphate is 
simultaneously formed, and in strongly alkaline soln. all the thiosulphate may be 
converted into sulphate. The decomposition of the thiosulphate in a strongly 
acid soln. is slow in comparison with the formation of tetrathionate. According to 
.1. Bougault, in alkaline soln. the iodine forms a liypoiodite : 2NaOH+l2^NaI 
+NaOI-l'HoO, which reacts with the thiosulphate : Na2S203+4NaI0+H20 
.^-=2NaHS04+4NaI ; M. J. Fordos and A. Gelis, and G. Lunge have shown that the 
hypochlorites, hypobroniites, and hypoioditea also oxidize the thiosulphate to 
tetrathionate. Some alkali iodate is also formed ; GNaOH+3l2— 5NaI+NaI03 
+3H2O. The oxidation to iodate is much retarded by using sodium hydro- 
carbonate, and still more by using normal carbonate in place of the hydroxide, 
and E. J. Maumene noticed that with barium thiosulphate, BaS203, other poly- 
thionates are formed — H 2S2O4 and H2So()9^ — as well as the tetrathionate. 
Chlorine and bromine act differently from iodine on the thiosulphates because, said 
H. Hertlein, the ionizing tendency of the two first-named halogens is so strong and 
the salt is oxidized to sulphate. According to M. Berthelot, the oxidation of sodium 
thiosulphate to the sulphate by bromine liberates 150 Cals. M. J, Fordos and 
A. Gelis noted that the sulphate is formed when chlorine or bromine acts on the thio- 
sulphate : Na2S203+4Cl2+5H20^Na2S04+H2S04+8HCL As shown by G. Lunge, 
the reaction takes place in two stages ; there is first a considerable precipitation 
of sulphur: Na2S203+H20+Cl2=-2NaCHH2S04+S ; and the turbidity then 
clears owing to the oxidation of the sulphur to sulphuric acid : S+4H2O4-3CI2 
==6HC1+H2S04. G. Lunge also noted that a little tetrathionate is formed: 
2Na2S203+Cl2=^2NaCl+Na2S406 ; and some trithionate is formed at the same 
time. 

According to L. W. Andrews, 10 when potassium iodide is titrated with chlorine 
water in neutral soln. with chloroform or carbon tetrachloride as indicator (these 
immiscible solvents become violet, owing to the liberation of iodine, and they become 
colourless when titration is complete), the reaction is represented : KI+3CI2+3H2O 
=-KC1+HI03+5HOL This reaction is tfie basis of A. and F. Dupre s process for 
titrating potassium iodide (1855). If a large excess of hydrochloric acid be present, 
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tlie reaction stops at an earlier stage for the ensuing reaction is symbolized : KI 
-j-’Cl^—KCl-f ICl, and the iodine chloride colours the liquid yellow. If a soln, 
of potassium iodate be used in place of chlorine water in titrating potassium iodide 
the stage at which the reaction stops depends upon the cone, of the acid ; with low 
cone, the reaction goes no further than the liberation of the iodine ; r)KI+K103 
+6HC1— 6KC14-3I2+3H20 ; with an excess of acid, 2KId--KIU3-j-GHCl=:3KCl 

“f-3ICl 4~3H20 . 

In J. L. Gay Lussac and L. J . Thenard’s early attempt to decompose oxymuri- 
atic acid ((chlorine) by passing it over red-hot charcoal, they reported : 

UiG first portions of the oxygenated muriatic gas were comploioiy converted into ordinary 
muriatic gas. This effect diminished gradually in spite of a very great elevation of temp., 
ana soon the gas jiassed without alteration, mixed only, towards the emi of tho exptaiiiu'ut, 
with one thirty-third of on inllammablo gas, which wo boli|p^o to bo carbonic oxide gas. 
Ihjs result clearly showed us that oxygenated muriatic; gas is not decomposed by charcoal, 
ana that the muriatic gas which we had obtained at the commencement of the operation 
was due to the hydrogen of tho charcoal. ... In fact, on taking ordinary charcoal without 
Igniting it, muriatic gas was disengaged duiing a lengthtmi'd period even at a temp, only 
shghtly elevated. . . . According as tho charcoal lost its hydrogen, however, the quantity 
or inunatK; acid went on diminishing, and finally nothing was obtained but oxygenated 
inuriattc gas (t.e, chlorine). ^ & jt. 


En passant, this ia one of the best ways of purifying charcoal. If. Davy (1814) 12 
and H. Ziiblin (1881) obtained no evidence of a reaction between iodine or broinine 
and carbon at a white heat. Porous charcoal absorbs chlorine with the evolution 
of 0 78 Cals, per 35*5 grms. of chlorine. According to W. G. Mixter strongly cbni- 
presaed sugar charcoal absorbs about 4 percent, of chlorine at a red heat, and does 
not give it up in vacuo at that temp. About 1*5 per cent, of bromine and traces of 
iodine are also absorbed by porous charcoal. The absorbed gas can h(». displa(*od 
by hydrogen but not by nitrogen ; bromine and iodine are less easily absorbed and 
more easily lost than chlorine. Lampblack absorbs more chlorine than charcoal, 
and both lose the adsorbed gas at about lOOU'^'. (Chlorine seems to a(jt with most 
energy on those forms of carbon which are contaminated with hydrogen. Gas 
carbon graphite and the diamond are not atfec.ted by chlorine. M. Mcsians ^8 

passed ovetj^the charcoal sat. with this gas, hydrogen 
oh oridc IS fonned iii darkness ; and according to M. Berthelot and A. Ountz, much 
ch orine is at the same time displaced by the hydrogen with an absorption of heat. 
1 lie net resuR of the process is therefore an absorption of heat. If water be poured 
on carbon sat. with clilorine, both hydrogen chloride and carbon dioxide are formed, 
K. Lorenz tound that chlorine is completely converted into hydrogen chloride and 
carbon monoxide by passing a mixture of steam and chlorine through a tube filled 
with coke at a dull red heat. The reaction, Ch -| H20+(,’==C0+2HC1, is complete. 
If the hydrogen chloride be absorbed by water, the. residual carbon monoxide is con- 
taimnated with but a little carbon dioxide. According to F. Fischer, coal rapidly 
absorbs 30^6 per cent, of bromine. The broininated coal gives off hvdrogcn bromide 
Carbon unites with chlorine directly when the carbon forms an electric arc in an atm 
of chlorine ; hexachlorobeiizcne, CoIfoClo, is formed ; and if the gas be confined in 
a v^sel with a construction so that the upper compartment contains the arc, and 
the lower part is cooled by a freezmg mixture, hexachloro-othane, ChCJe, is formed. 

appears to be the active agent. Similar results were obtained 
with bromine and lochM. According to E. Barnes, dry chlorine has no perceptible 
action on calcium carbide after two months’ treatment at ordinary temp. According 
to H. Moissan and b. P. Venable and T. Clarke, bromine has no action in the cold 
on calcium ^rbide, but when heated the products are calcium bromide and carbon. 
E. Barnes, hovrever, found that liquid bromine attacks calcium carbide at ordinary 

hexabromide and calcium bromide : CaC24-4Br2~CaBr 
+C2Br6 ; at 100 in sealed tubes, carbon and calcium bromide but no carbon 
hexabromide were formed. E. and H. Erdmann found that iodine acts on calcium 
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carbide at 170^, producing tetra-iodoethylene and di-iodoacetylene. E. Lucion (1889) 
could find no evidence of a reaction between dry carbon dioxide and chlorine at a red 
heat, but in the presence of moisture, hydrogen chloride is formed. Chlorine unites 
with carbon monoxide forming phosgene, or carbonyl chloride, COOL* 

Ammonia reacts vigorously with chlorine, forming ammonium chloride and 
nitrogen gas ; if the chlorine be in excess, oily drops of violently explosive nitrogen 
chloride, NCI3, are formed. Some ammonium hypochlorite, NIl^OCl, is vsimultanc- 
ously produced. Nitrogen bromide does not ai)pear to be formed by the action of 
bromine on aq. ammonia. The speed of the reaction, 2NH3+3Br2— N24 6HBr, is 
more rapid with free ammonia than with the ammonium salts, and S. Itaich 
attempted to get a comparison of the "affinity coeff . of the acids forming the various 
ammonium salts in terms of the rate of decomposition of the different ammonium 
salts by Ijroiniue. It was assumed that the stronger the affinity of the acid for 
ammonia, the slower the rate of the decjomposition of bromine. It was found that 
with tlie ammonium salts of the organic acids, — e.g. oxalic and formic acids — 
side reactions occurred owing to oxidation or substitution. With 10 c.c. of a 
0‘05iV'Holn. of the ammonium salts, and 25 c.c. of a 0*075A-soln. of bromine 
water at 25"^, 2*5 c.c. of bromine was consumed in 

HydnKililoric Nitric Suluhiiric Arsenic Monocliloracotic Tartaric A^Stic acid. 

Time . Ui2 148 118 98 29 20 4 hrs. 

This was taken to* represent the relative order of the afliiiity of these acids for 
ammonia. When an alcoholic soln. of iodine is treated with ammonia, substitution 
products and nitrogen iodide arc formed. According to A. W. Browne and F. F, 
Shotterley,!^ a trace of azoimide, HN3, is formed by the action of chlorine on acidic or 
alkaline soln. of hydrazine sulphate; according to E. Eblcr, hydrazine sulphate or 
chloride in acid soln. is completely decomposed by bromine — for example : N2H4 
4-2Br2--4HBr+N2. A soln. of iodine in potassium iodide acts in a similar manner. 
T. Curtins and Jl. Schulz found that tincture of iodine acts on an alcoholic soln. of 
hydrazine hydrate as symbolized by the equation: 5N2H4.H20+2l2““4rN2H4HI 
-[-5H20+N2. Nitric oxide unites with chlorine forming nitrosyl chloride, NOCl ; the 
same product is formed when chlorine acts on nitrogen tetroxide» N0O4. Bromine 
also forms nitrosyl broiuidc, NOBr ; but iodine suspended in water forms nitric and 
hydriodic acids. When iodine is warmed with cone, nitric acid, iodic acid and nitrogen 
peroxide are formed. According to J . B. Sendcrens, chlorine acts on silver nitrate 
forming silver chlorate and silver chloride, while according toll. Moissan,!® chlorine 
free from byclrogen chloride precipitates silver chloride from a soln. of silver nitrate, 
and the corresponding amount of oxygen is set free. Iodine and silver nitrate form 
silver iodide and iodic acid. Solid iodine acts on silver nitrate in the dark in accord 
with the e(|uation: 5AgN034-5l2 k3H20=5Agl+*^HN03+IU03 ; and bromine, 
AgN03+Br2+H20=AgBr+IT0Br+HN03, as indicated by J. Spiller, and C. F. 
Schonbein. According to K. Bruckner, mercurous oxide, Hg20, and iodine, I2, in the 
proportions 1 : 2 mol. react : 6Hg20-| 12l2==llHgl2+Hg(I03)2 ; the same transfor- 
mation occurs slowly in the presence of water, more rapidly in hot water. With a 
dry mixture of mercuric oxide, FIgO, and iodine, GllgO +6I2 “~Hg(103)2 4~'^-HgI. The 
action of the halogens on the alkaline hydroxides is discussed in connection with 
the oxy-(jhlorine acids. In the presence of hydrogen peroxide and an alkali hydroxide, 
the alkali chloride is formed : Cl2+H202+2K0H=^2KCl+02+21l20. Similarly 
with iodine and bromine. When near its b.p. liquid chlorine reacts with arsenic 
forming arsenic trichloride, but at lower temp, arsenic and antimony are not affected. 
Alkali ^senites are oxidized to arsenates; K3A8O3+H2O+CI2— KH2ASO4+2KOI. 
Ferrous salts are oxidized to ferric salts: 6FeS04+3Cl2=2Fe2(S04)3+2PeCl3. 
Alcohol, ether, chloroform, and carbon disulphide are better solvents for bromine or 
iodine than water, so that if a soln. containing free bromine or free iodine is shaken 
up with one of these solvents, the former colours these solvents yellow or brown, and 
the latter rose to reddish- violet, according to the concentration. Liquid chlorine at 
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Its b.p. dbes liptr^ct with jtotassium permanganate; thallous chloride is converted 
into-TlsjO^ by jiquid chlorine, and into Tl^Cl 4 |)y gaseous cldorine at ordinary tepip. 

IJ^esdlthehalp^ens. — Chlorihe is-ltijlgery ehiployed in the pre]>aratiori of bleach 
ing powder or chloride of lime, bleaching liquor or hypochlorites, chlorates, and 
various chlorinated chemfcals—e.^, .‘3(J(X) toils of chloracotic acid are said to be used 
per annum in the manufacture of synthetic indigo ; chloral ; carbon tctracliloride ; 
various chlorinated ethanes are used in the extraction of fats, etc., with the advantage 
of their being non-inflammable ; chloro-derivatives benzene and naphthalene, in the 
manufactui’e of dyes. Liquid chlorine was formerly employed in the chlorination 
process for gold, but this has been largely ^displaced by the cyanide process. The 
gas was introduced by the Germans as an agtot of destruction in warfare in the second 
battle of Ypres, on 23rd April, 1915. This „ was in contravention of International 
agreement. The Germans thus obtained a temporary advantage until respirators 
with sodium thiosulphate and carbonate had been supflied to the Allild Forces, 
and in self-defence, the Allies had retaliated on the Germans with interest in kind. 
In consequence, this and other gases even more deadly were used on the battlefields. 
For clilorine poisoning the inhalation of hydrogen sulphide, or of the vapour of alcohol, 
ether, chloroform, or steam has beexi recommended. There is a form of clxlorino 
poisongig to which the workmen dealing with electrolytic chlorine are subject ; 
it is attended by swellings in various parts of the body, giddiness, and coughing ; the 
effects are supposed to be duo not to the direct action of chlorine, but rather to the 
action of chlorine oxides contained in tlie gas. According to A. Jjeyraann, the 
workmen may also be affected by a pecuUar skin disease which has been tracked to 
chlorinated products derived from the action of chlorine on the tar coating of the 
electrolytic cells used in making the gas. 

At the beginning of the nineteenth century, chlorine was re(.‘omnieuded as a 
disinfectant by W. Cruicksliank ; and towards the middle of the centiirv, the 
efficiency of chlorinated lime as a disinfectant and deodorant was generally recog- 
nized, and in 1854 a Royal Commission recommended tliis substance for deodorizing 
the sewage of London. At that time, the action of disinfectants was generally 
supposed to be effected by the arresting or preventing of putrefactive (dianges. The 
work of T. Schwann (1839), L. Rasteur (1862), etc., showed that bacteria were 
responsible for putrefaction and fermentation, and that specilic oj’ganjsms were 
responsible for certain specilic diseases. Chlorine was successfully used in the 
sanitary’ work connected with the outbreak of puerperal fever in Vienna in 1845. 
J. Race estimated that iu 1918 over 3(KX)XlO® gallons of water were being treated 
per diem in North America ; and over 1000 cities and towns employed tlie process. 

In 1889, W. Webster proposed the use of electrolyzed sea-water"as a disinfectant, 
and this liquid was introduced by E. Hermite (1889) as Uermitts jhiid for domestic 
purposes as well as for flushing sewers and latrines. The objections to this li([uid were 
due to the unstable character of the magnesium hy])ochlorite formed at the same time 
as the sodium hypochlorite in the electrolysis of sea-water. The magnesium salt 
readily hydrolyzes, forming the hydroxide which deposits in the electrolytic cell, 
and leaves a soln. of unstable hypochlorous acid. A cone. soln. of sodium chloride 
was soon substituted fdr sea- water, and the li(j[uor has been called dectrozone, chloros 
etc. Various preparations of hypochlorites were also employed on a large scale for 
the purification of water ; H. Berge used chlorine peroxide ; and in A. O.^Houston’s 
process water was chlorinated witli chlorine itself. 

S. Rideal noticed the peculiar effect of ammonia on the germicidal value of 
hypochlorites ; he said that the first rapid comsumptiou of cldorinc is .succeeded by 
a slower action which continues for days, and that the germicidal action continues 
after free chlorine and hypochlorite have disappeared ; it appeared tlmt hmn^onia 
substitution products arc formed yielding compounds more or less germicidal 

J. Race, attempting to make ammonium kypocJdorite by the double decompasition 
of ammonium oxalate and calcium hypochlorite, obtained a soln. with its germicidal 
action greatly enhanced; and it was assumed tliat the unstable ammonium 
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hypochlorite passed into monochlor6i»Utle, NH4OCI ==’NH2CI 4*11^0. ; The iise 
ohloroamine for chlorinating water wias^'^ried on a large scWe at Dttawa\(l&l7), 
and at Denver, CoL (1917), with good resulj^. N. Dakin aii4. 
tried other chloroaniines — e.g, sodium toluene- />-sulphochlorahude ; and several 
aromatic sulphodichloroamines, e.g. Cl2N.S02.C6H4.C00^rij were found suitable for 
use in tabloid form for the sterilization of small quantities of water by cavalry and 
other mobile troops. The preparation has the trade name haluzope^ and II. D. Dakin 
and co-workers have shown that three parts of lialazone x>er million suffice to sterilize 
heavily polluted waters in ST) min., and this concentration is efFeciive in destroying 
pathogenic organisms. The ctfect of ainmonia in destroying the bleaching activity 
and the property of oxidizing organic tPiattcr by hypochlorite soln. is taken to prove 
that the nascent oxygen hypothesis fails to ex})lain the retention of llie bactericidal 
power of such soln., and it is attributed to the direct toxic action of chlorine or 
chloroamines. ^ 

Bromine is used in the preparation of various chemicals—lproiuides, etc. — 
employed in the manufacture of aniline dyes, and in pliotography. 1'he alkali 
bromides are used medicinally, and free bromine is used as an oxidizing agent in 
analytical chemistry ; in the manufacture of fcrricyanidos, permanganates, etc. 
Bromine is also used as a disinfectant or sterilization agent, largely in tlie4|>rin of 
bromum sotidijlcatuni, which is a mixture of kiesclguhr with a binding agemi which 
is moulded in the form of rods, baked, and sat. with liquid bromine. The product 
contains up to 75 per cent, of its weight of bromine.^® 

Iodine is used in various forms in medicine — e.g. tincture of iodine, liquor iodi, 
iodized cotton, iodized wine, iodized water, oils and syrups ; iodides of potassium, 
mercury, iron, arsenic, lead, etc. ; and as methyl iodide or di-iodide ; iodoform, 
OIII3 ; ethyl iodide, C2H5I *; iodole, C4I4.NH ; aristole ; etc. — largely for external 
application as an antiseptic. Some iodides are used in photography, and in analy- 
tical operations ; and a considerable amount of iodine is used iu the preparation 
of aniline dyes. 
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§ 13. Colloidal Iodine and Iodized Starch 

W. Harrison ^ jircparcd iinstablo hydrosols of iodine by adding hydriodic acid 
to a dil. soln. of iodic acid ; and by adding alcohol to soln. of iodine in glycerol. 
The hydrosol is at first blue, but it quickly flocculates forming a grey aggregate \vhicL, 
if the cone, be small, can scarcely be recognized, 3 . Ainann has prepar(»d soln. in 
sulphuric acid and in propylamine. The relation between the colour and t he nature 
of tlie solvent has already been discussed. 

Dry iodine docs not colour dry starch blue, but rather turns it brow^n, and the 
brown gives place to blue on contact with water. When in contact with starch, 
iodine forms an intense blue-coloured product, iodized starch. Under similar con- 
ditions, bromine forms an intense yellow. According to (!. Meineke, the reaction 
with iodine is delicate enough to reveal the ])resencc of 0 0000003 grm. of iodine per 
C.C., while F. Mylius and G. Just say 0 0000001 grm. Tlie great sensitiveness of 
this reaction makes starch a valualile indicator for the presence of free iodine in 
volumetric analysis. According to F. C. Aceum, starch was recojnmended for the 
detection of iodine by F. Stromeyer. K. Myliiw, F. E. Hale, and C. Lonucs found that 
hydrogen iodide and iodine are present in iodized starch in the ratio 1 : 4, ancl the 
formula (024lT4o02oI)4lfl assigned to the blue product wliere the iodine and 
iodide are related as H- Irz J4, etc. F. Seyfert and J. IV'ith objected to F. Mylius' 
contention that an iodide or hydriodic acid is necessary for tlie production of the 
blue coloration. An excess of potassium iodide colours iodized starch brown, the 
brown colour becomes blue on dilution with water. Tlie reddish-brown colour 
produced by the action of iodine and a cone. soln. of potassium iodide on starch is 
also turned blue, by water. F. Mylius suggested that the reddened starcli contains 
no potassium iodiilo, but twice as much iodine as the l>luc jiroduct, hut F. E. Hale 
suggested that since a cone. soln. of ])otassiuin iodide turns tlie blue starch red, and 
the reddened product becomes blue when treated with water, it is more likely' that 
the red product contains more iodide tlian the blue. According to E. W. Washlmrn. 
the presence of alkali chlorides, magnesium suljiliate, etc., does not interfere. 1'he 
colour obtained in the jiresence of potassium iodide is not the same in tint as if otlier 
salts arc present ; and the amount of iodine required to produce a blue colour of 
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the same intensity is smaller with soln. of potassium iodide than with soln. of other 
salts of the same cone. P. Mylius maintains that the presence of an iodide, i.e. 
I'-ion of a cone, at least 10 grni. per litre, is necessary for the development of the 
blue colour, so that the starch soln, is usually mixed with an iodide— say iodide of 
potassium, zinc, etc. 0. Tomlinson found many other iodides served the same 
purpose. 

Accordingto W. Harrison, the addition of alcohol changes the blue colour of iodized 
starch to violet, red, orange, and yellow, and E. Baudrimont found that the samci 
colour (ihanges are produced by heat, provided not too much iodine is jiresent. The 
blue colour begins to leave aq. iodized starch at about 40®, and disappears between 
60® and 70'". A soln. of iodized starch heated above 70® is colourless if dil., and straw 
yellow if cone. On cooling, tlie original colour is restored if the soln. be rapidly 
heated and quickly cooled, but with a prolonged heating, the intensity of the colour 
is feebler, and maybe docs not return at all. The colourless product is supposed by 
L. Bondonneau, J. L. P. Diiroy, and P. Guichard to Ije a colourless organic iodide 
because the colour is restored by the addition of nitric acid or an iodate ; and with 
chloroform, it becomes violet. L. W. Andrews and H. M. Gottsch say that clear 
starch soln. prepared at li>0®, takes up in the cold iodine eq. to (CeHio 05 )i 2 l ; 
a starch soln. heated with an excess of iodine to 100® for a short time forms 
(C(jHio 05 )i 2 l 2 *) ^ starch soln. heated to 100® for a long time gives a colour- 

less soln. containing most of the iodine as an organic iodide ; some hydriodic 
acid and glucose are also formed. P. Mylius and P. \V. Kiister say that dried 
blue-iodized starch forms a brown powder which l)ecomcs blue again in presence 
of water. The colour of iodized starch is so different from that of other iodine 
compounds tliat it has attracted some attention. N. Blondlot, A. Bcchamp, 
J, J. Pohh R. Pres<*nius, E. Duclaux, B. Bruckner, and P. W. Kiister have 
supported the hypothesis that iodized starch is a mixture of starch and iodine, or 
a soln. of the latter in the former, while E, G. Rouvior, A. Payen, J. Fritzschc, 
L. Bondonneau, P. Guichard, E. Sonstadt, H. Pellet, and P. Mylius hold it to be a 
chemical compound of starch and iodine, and hence arose the term starch iodide. 
There is, however, no agreement as to the composition of the alleged compound 
since the amount of iodine is variously reported to be from 3’2 to 19*6 per cent., 
and the formula) accordingly extend over a wide range. A. Coehn showed that 
iodized starch is a negative colloid. P. W. Kiister found the amount of iodine 
absorbed by solid starch is wliolly de[)endent on the cone, of the soln., and he 
concluded that iodized starch is neither a compound nor a mixture, but is a well- 
defined solid soln. of iodine in starch. M. Katayama also showed that, in dil. soln., 
the cone, of the iodine in the starch is proportional to the cone, of iodine and starch 
respectively, but varies in a somewhat complicated manner with the iodide cone. 
Tn very dil. soln., it is proportional to the second or third power of the iodide cone., 
but the effect is proportionately smaller as the cone, increases, and depends also 
on the starch cone. He also draws a similar conclusion to P. W. Kiister, L. W. 
Andrews, and H. M. Gottsch. Soln. of iodized starch give up considerable amounts 
of iodiiio to chloroform, but subsequent additions of chloroform give no sign of a 
partition Goe ff. as would be anticipated if the iodine were merely dissolved in the 
starch. The vap. press, of iodine in iodized starch is very small after the removal 
of the first portion of iodine. M. Padoa and B. Savare measured the conductivities 
of soln. of iodized starch, and although it was not possible to obtain a product with 
a constant ratio between iodine and liydrogen iodide, tliey say that om^ definite 
additive compound, analogous with F. W. Kiister's assumption, is formed. W. Biltz 
also argued that otJier substances are coloured blue by the adsor})tion of iodine. 
For example, A. Damour, R. J. Meyer, and N. A. Orloff found this to be the case with 
lanthanum acetate, and basic praseodymium acetate ; Graebo also found euxan- 
thio acid, cholic acid, and narceine behave similarly. Iodine is also adsorbed by a 
number of other substances forming brown instead of blue solid soln. — e.//. d. Walker 
and S. A. Kay found such to be the case with magnesia ; W. A. R. Wilks 
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found that with slaked lime bromine and iodine dissolved in carbon tetrachloride 
form adsorption products, while chlorine forms a chemical compound. K. Estrup 
and E. B. Anderson studied the adsorption of iodine by precipitated barium sulphate ; 
and H. Siegrist and E. Filippi found tannin and a number of organic bases to behave 
similarly, G. C. Schmidt studied the partition of iodine between alcohol and 
animal charcoal, and found that this is not in accord with Henry’s law C/(7^=^conatant, 
where C denotes the quantity of iodine adsorbed by the charcoal, and Cg the quantity 
which remains in 10 c.c. of the solvent. 0. 0. M. Davis studied the partition of 
iodine with different solvents and with different forms of charcoal, and found that 
with constant surface area, the amount of adsorption is spe(*ihc, depending both on 
the nature of the solvent and of the adsorbent. If x denotes the amount of iodine 
adsorbed when w grins, of solid are employed, the amount adsorbed per gram is 
represented fairly well by II. Freundlich’s empirical formula : Amount adsorbed 
per gram, where and p arc constants. 0. C. M. Davis found that 


Solvent. 

Animal olmrcoal. 

V 

SuKai* carbon. 
fi P 

(kicoanut carbon. 

Toluono 

0370 

3-30 

0‘357 2*48 

0*021 

Bonzeno 

0-382 

:P22 

0*302 2*49 

0*018 

Ethyl acetate 

o*4:io 

3*20 

0*315 2*87 

0*010 

Alcohol 

0*400 

3*09 

0*2.58 2*40 

1 0*014 

Chloroform 

0-.545 2*98 

0*479 5*13 

0*020 


The adsorption of iodine is approximately the same with animal and sugar charcoal, 
but cocoanut charcoal adsorbs only a fraction of this amount. The adsor])tion 
consists a surface (joiidcnsation, and a diffusion, owing to solid soln., into the 
interior ; the surface condensation is complete in a few hours, the diffusion may 
occupy weeks or months. The produc.t obtained by saturating animal charcoal 
with iodine has been used as a medicament under the trade name iodanfrnco, and 
L. Corridi has investigated which solvents extract the iodine most readily— water 
is slow, dil. acidvS are slower, hut dil. Jilkali soln. extract most of the iodine. 
K. Scheringe and B. (iruichard have studied the adsor[)tion of iodine vapour by 
sand, silica, opal, agate, alumina, magnesia, bcTyllia, and charcoal. E, K. Lundclius 
lias also studied the adsorption of iodide from soln. in carlion tetrachloride, (;arbon 
disulphide, and chloroform by charcoal. 
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§ 14. The Atomic Weights of Chlorine, Bromine, and Iodine 

The first determinations of the at. wt. of chlorine were obtained by the analysis 
of the chlorates; later determinations have been directed towards the quantitative 
synthesis of hydrogen chloride, or to the use of physical methods — mol. vol., limiting 
densities, and critical data. General calculations have been made by V. W. Clarke, 
B. Brauner, and others.^ 

I. The analysis of the chlorates. — In J . J . Berzelius ^ det ermined the at. wt. 

of chlorine by the analysis of the chlorate. He determined the ])erccntage amount 
of potassium chloride remaining after the ignition of the chlorate ; he took the 
precaution to correct his result for the amount of solid mechanically carried away 
by the current of oxygen gas, or actually volatilized. Tliis furnished the ratio 
potassium, chloride \ oxygen ; »I. J. Berzelius had previously determined the ratio of 
silver ; chlorine in silver chloride by treating a soln. formed by dissolving a known 
weight of silver in nitric acid and precipitating silver chloride, or evaporating the soln. 
with hydrochloric acid. Hence, the ])recipitation ot silver chloride by the addition 
of a known amount of potassium chloride to silver nitrate enables the potassium : 
chlorine ratio to be determined. The results allowed the relation between oxygen, 
potassium, chlorine, and silver fo be coiiqmted. 

The oxygen in the chlorates was determined by V. Penny (1839) ^ and by A. Stabler 
and F. Meyer (1911) by treating potassium, sodium, or silver chlorate with cone, 
hydrochloric acid ; while T. J. Pclouze (1842), J. C. G. dc Marignac (1842), (^. Ger- 
hardt (1845), L. Maumene (1846), V. Faget. (1846), and J, S. Stas (1865) heated the 
chlorate uc(K>rding to the Berzelian process. J. C. (r. dc Marignac also made some 
experiments on potassium j)crchlorate in 1842 ; and T. W. Richards and H. H. Wib 
lard (1910) treated lithium perchlorate in an analogous manner. F. W. Clarke’s 
calculation of the general mean of the experiments gave 60*84610*00038 parts of 
KCl from 100 parts of KC^Og. 

The silver : chlorine r«atio was determined by E. Turner (1829), F. Penny (1830), 
J. C. G. dc Marignac (1842), J. B, A. Dumas (1860), J. S. Stas (1865), and by T. W. 
Richards and R. C. W ells (1905) by the precipitation of silver chloride. L. Maumene 
“reduced silver chloride to the metal by heating it in a stream of hydrogen ; and 
J. S. Stas also synthesized silver chloride by heating the metal in chlorine gas. 
This ratio has also been determined by several less direct methods. F. W. (Darke’s 
calculations furnished 32*860610*00031 for the gcuieral mean rcprescjiting the 
amount of (jhlorine whicli combines witli KX) parts of silver to form silver chloride. 

Since J. J. Berzelius’ work, the alkali chloride : silver ratio has been ro})eatedly 
measured, among others by J. C. G. de Marignac (1842),^ L. Maumene (1846), 
J. S. Stas (1865), T. W. Richards and E. H. Archibald (1903), E. H, Archibald (1904), 
T. W. Richards and A. Staehler (1907), and by A. Thiel (1904), T. J. Pelouze (1845), 
J. C. G. de Marignac (1842); and J. S. Stas (1865), A. Scott (1901), and T. W. 
Richards, Kothner, and E. Tiede (1909) determined the ratio between ammonium 
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chloride and silver. J. S. Goldbaui»i electrolyzed a soln. of sodium chloride with a 
weighed ►silver anode and mercury cathode. Sodium as cation forms an amalgam, 
and the chlorine attaches itself to the silver of the anode, and the increase in weight 
represents the*, halogen content of the salt. A correction was made for the silver 
which dissolved from the anode. He obtained Cl— 3r)*4r)6, when referred to sodium 
r-23*0(). F. W. Clarke’s calculation of the ratio Ag : KCh-=^100 : ir furnished as a 
general mean 69-1138 ±0 00011 for the amount of ])otas8iuin chloride which unites 
with 100 parts of silver to form silver chloride ; or 52*0163 ±0*00018 parts of potas- 
sium chloride furnish KX) ])arts of si^er chloride. 

The first ratio gives the relation between the mol. wt. of oxygen as standard and 
the mol. wt. of potassium chloride ; the second gives the relation between potassium 
(hloride and silver; and the third the relation between silver and chlorine. 
J. S. Stas' work on at. wt. has been deservedly eulogized. For many years it was 
considered to be so Jiear ]jerfcction as was po.sHible to man. J. S. Bias seemed to 
have taken the most subtle precautions to exclude errors of manipulation, and to 
ensure the purity of liis materials. He also followed the advice of J. «1. Berzelius, 
for, in order to eliminate constajit errors, he used materials from different sources, 
and followed many different ])aths in arriving at his results. Only wlien consistent 
valiums w('re obtained by different methods did he assuntc that the results were 
reliable. The following outline will give an idea of the plan of J. B. Btas’ work : 

1. Detcmritiation of the relaiiov hePwcin sodiuvi chloride and. silver. — Ten 
samples of a known weight of j)urilied silver w'ere dissolved in nitric a(‘id, and 
each was treated with purified sodium <diloride. The excess of silv(*r was 
determined volumetrieally and the pre<ipitated silver chloride was r(?dueed 
to metallic silver and wciighed. The best r(;presentativii value of these de- 
terminations was : 54-2078 parts of NaCl ivere required for 100 parts of silver. 

2. Deternmmlion of the relation between chlorine and silver, — Bilver chloride 
w^as prepared from })urifit*d silver in several different ways : (1) By burning 
the metal at a red heat in chlorine gJis ; (2) by dissolvijig the silver in liit rie 
acid, and ])i-ceipitating silver chloride {a) with liydrogeii chloride, (i) with 
fiydroe.hlorie acid, and (c) with ammonium chloride (in this proc(^ss some silv(T 
chh)ride was lost in washing the ju-ecipitate). Th(‘- best represemtative value 
of t his work was : 132 *8145 parts of silver chloride iras obta ined, from 100 parts 
of silver. By calculation it follows (1) that 100 parts of silver (*ombine with 
132*8445 less 1(K)- '32*8145 parts of chlorine ; (2) that lOO parts of silver com- 
bine with 52’2078 — 32*81 15 -21*3633 parts of sodium. Or, 

Ag : Na : VI -100 : 21 *3633 : 32 *8445 

3. Detenmnation oj (he relation betiveen silver chloride and. o:rij(ien.- This 
gives the relation between silver, sodium, and chlorine. If tlio relation between 
hydrogen or oxygen and any one of th(‘se eleirients be known, the at. w^t. of 
these elements with respect to liydrogen or oxygtm as standards follows directly. 
Tins relation can be determined by converting silver clilorate into silver chloride ; 
2AgClt)3- 2AgCl I 'lOo. A known weight of [mriiied silver chlorate was decom- 
posed by suI])huroiis acid : AgCKla-h 3110803 =--AgCl+3Jl2B()4. The chlorates 
were also decomposed by ignition. As a result it was found that 74*9205 parts 
of silver chloride were equivalent to 1(K) parts of silver chlorate. ; or 25*0795 parts 
of oxygen were eq. to ICX) ])arts of silver chlorate ; or 25*0795 ])arts of oxygen 
are eq. to 74*9205 parts of silver chloride. 

8in.co AgClOj -’AgCI if ()-- 10, it follows that the ocp wt, x of silver chloride 
must be 25*079i) : 84^ 10 ■= 74*9205 : where .t:--- 143*395, Jiut JOO parl.s of silver 
are ©q. to 32*8445 parts of chlorine, and hence 132*8445 parts of silver chloride will 
correspond with 132*8445: 143*395^100 : .r, ur .r 107*942 parts of silvor. Simi- 
larly for chlorine, since 132*8445 parts of clduriue unite with 107*942 parts of 
.silver, 143*395 parts of silver chloride woll <‘oiitain 35*453 parts of chlorine. Hence, 
if 0 = 10, Cl =35*453. Again for sodium, 32*8440 parts of chlorine combine with 
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21’3C33 parts of sodium, and honco 35*453 parts of chlorine unite with 23*0599 
parts of sodium. 


Hence, if 0 --1G, the combining weights of silver, sodium, and chlorine arc 
related as 


Ag : Na ; CU-107-942 


35-45^ : 2;3-0r)99 


Similar experiments were made with halogens l>r 
remarkable accuracy of J. S. Stas' work may be jud 
values witli those employed at the present day W 


l>romine and iodine, and the 
by comparing his 1805 


ig<Ml 


Chlorine. Brofnine. Iodine. Silver. 

Stas’ 1805 values . . 35*457 79 955 120*850 107-9:{ 

International table, 1918 35*40 70*92 120*92 I07'HS 


J. S. Stas also repeated the work with lithium, sodium, and ])otassiuin ; iiuudentally, 
the value for nitrogen was determined. 'J'Ihj v^alues deduced in this way were : 

Potassinni. Stulium. Ijthlinn. Nltro^^on. 

Stas’ lS(ir> values . . 39*14 23*04 7*02 14 04 

International table, 1918 39*10 23*00 l»*94 14*01 

The chief weakness in J. S. Stas' work arose (1) from the (lijliciilti(‘S in manipu- 
lating the unusually large amounts of matcuial employed in each cletermination, 
and (2) piecipitating liis compoumls from too eonc. sohi. in order to keep down the 
hulk of the li(piid. This J(‘d to the adsor]>tion of relatively larg(^ amounts of the 
])rccix)itant by his precipitates, indeed, says T. \V. liichards (1911),*^ the presence 
of residual water and the loss of traces of “insoluble” j)reci]ntates by dissolutioji 
during liltration, have p<‘rhaps ruined more at. wt. determinations than any other 
two causes - unless indeed the adsor[)tioH of foreign substances by ])reci 2 >itatcs may 
be ranked as an equall}* vitiating effect. Mucli of Stas’ work has been revised — 
chiefly 1)y T. W. Richards and his co-WTukers— with the idea of ])roviding for the 
small errors vvliich alTec-tcd Stas’ work. 

It may luue be emphasized ^ tluit different results may l)e obtained by varying 
the method of calculating at. wt. The ratios actually measured are affected by 
unavoidable errors of ('X])erim<mt, and during the calculation these errors may be 
distributed over the several ratios conccrnetl, or they may all accumulate upon 
that value last determined. Thus, in cal(*ulatijig the at. wt. of fluorine from 
the observed ratio, TaKo : CaSO.!, the errors of exi)erimcnt are, supeiqjosed upon 
tlie (UTors involved in obtaijiing the at. wt. «)f ealeiiun and sulphur when 
oxyg(‘n 1() is tlie standajd of refertuice. In the ideal case, the observed data should 
be so treated that the errors are properly distributed among the different weighings, 
and their influence reduced to a mijiimum. The matliematieal o])erations are well 
und(ustood, and the laboratory sliould furnish the necessary da-f a. 

II. The quantitative synthesis o! hydrogen chloride, H. B. Dixon ajul 
E. C. Edgar ^ prepared chlorine by the electrolysis of fused silver cliloride and 
w'eighed it in the Iic|uid form ; hydrogen was prepared by the electrolysis of a soln. of 
barium hydroxide and w^eighed occluded in j)alladiuni. The liydrogen was burnt in a 
globe tilled with chlorine, and the excess of chlorine determined by absorption in 
potassium iodide and titration of the liberated iodine with sodium thiosulphate. I’he 
mean of nine determinations was 35*463(11= dt)()7G2). VV. A. Noyes and II. V. J’. 
Weber passed hydrogen weighed in ])alladium over heated j)Otassium ( hloro-platinnte. 
The loss in weight of tlie lattcu* salt gave the weight of chlorine employed. I’he 
hydrogen chloride produced was also collected either by absorjition in water, or 
condensed to a solid by cooling with liquid air. The mean of twelve determinations 
gave 3r)'452(II- -1). E. 0. Edgar then synthesized hydrogen chloride by weighing 
the hydrogen, chlorine, and hydrogen chloride. The latter was fr<a*d from the excess 
of chlorine condensed along with the hydrogen chloride by allowing the liquid to 
evaporate ; passing the vapour through a quartz tube filled with mercury vaj)Ours ; 
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and condensing the purified liydrogen chloride, back to a liquid, or dissolving it in 
water. Result, 35"4fil. R. W. Gray and F. P. Burt first determined the weight ol 
a normal litre of hydrogen chloride to be 1-63885 grins. ; they then passed the gas 
over heated alumiinum, and measured the volume of the liberated hydrogen. Two 
volumes of hydrogen chloride gave 1 00790 vols. of hydrogen. With Morley’s value 
for the density of (ihlorino, it was found that 36*4672 grins, of hydrogen chloride give 
35*4594 grms. of (dilorine, if the unit of hydrogen be 1CX)78 grm. P. A. Guye and 
G. Ter- Gazarian’s determination of the relative density of hydrogen chloride also 
gave 35*461 for the at. wt. of chlo4fce. J. Deutsch obtained a rather lower value. 

HI. The analysis of nitrosyl chloride* — P. A. Guye and G. Fluss ® first distilled a 
known weight of purified mtrosyl cidoride, NOCl, over heated silver~this retained 
the chlorine ; it was then passed over heated copper— this retained the oxygen ; 
and finally it was passed over metallic calcium — this retained the nitrogen. The 
sum of the weights of chlorine, oxygen, and nitrogen so determined was usually a 
little less — uj) to 0*0012 grm. — than the weight of the nitrosyl chloride employed. 
The mean value for chlorine gave 35*468. 

IV. Physical methods. — Several physical methods have been employed for deter- 
mining the mol, wt. of hydrogen chloride. The density of hydrogen chloride deter- 
mined by K. W. Gray and F. P. Burt was 1*62698 grms. for a normal litre ; and 
1*42762 for oxygen. Hence, with the mol. wt. of oxygen, 32, as the standard of 
reference, the mol. wt. x of hydrogen chloride is given by the proportion 1*42762 : 
1*62698=^32 : where ir=36*469 ; with the at. wt. of hydrogen 1 0076, the at. wt. of 
chlorine is 36*469 — r(X)76 --35*461. The compressibility coeff,- tliat is, the mean 
deviation of hydrogen chloride from Boyle’s law — required for an a})plic*ation of the 

D. Berthelot’s method of Ivmitinfj demities ( 1 . 6, 8), has been determined by A. Leduc 
to be /lo^--0'(X)758 : E. Briner, 0*00750; R. W. Gray and F. P. Burt, 0 00743 ; and 
A. Jaqu(‘rod and 0. Scheuer found for oxygen /lo^=-0 (XX.)97 ; R. W. Gray and 
h . P. Burt, 0*(XX)964. Hence, A. Leduc c alculated the mol. wt. of l^ydrogeii chloride 
to be 36 460 *, and E. Briner, 36*462. A. Leduc \s method of 7 Kolecular volumes^ 
where it is assumed that all gases at corresy)oiiding temp, and press, have the same 
mol. yoL, gave tlie value 36*450 for the mol. wt. of hydrogen chloride ; and 

E. Briner, 36*453. The method hy the redudion of the critictil constwnts^ based on 
the equation: Mol. wt, referred to oxygen 32 is equal to 22-4121f7(l+c/)(l- 6), 
where W denotes the weight of a litre of gas at 0‘^ and 760 mm., reduced to sea-level, 
and latitude 45^. P. A. Guye and G. Ter-Gazarian found for a normal litre 
of hydrogen chloride, 1^- 1*6398 ; and (1 4 cu,)(} - fco)- 100773, so tltat the mol. wt. 
of hydrogen chlonde is 36*4393, and if the at. wt. of hydrogen is 1 0078, that of 
chlorine will be 35*4615. 

Starting with oxygen 16 as the standard of reference, F. W. Clarke (191()) regards 
35 4584 it 0 (H)02 as the best represejitative value for the at. wt. of chlorine if the at. 
wt, of the silver he 107 ’880 0*00029 ; and 13. Brauncr (1913) considers tlm best 

representative value to be 35*457, if silver be 107*880 ; 35*4r)6, if silver be 107*876 ; 
and 35*454, if silver be 107*871, B. Brauncr also inquires : What reliance can be 
place<l on the third decimal ? and answers that the uncertainty is smaller if silver 
be regarded as a fixed basis with respect to oxygen 16, and greater wlien the at. wt. 
is referred to oxygen 16 alone regarded as a fixed constant. If referred to silver 
fixed at 107*876, the at. wt. of chlorine lies ])ctwecij 35*454 and 35*458, or 35*456 
iO (.Hll9 , but if the value for chlorine is made to depend upon tlic cycle of relations 
between it and oxygen - A6, the at. wt. of chlorine lies between 35*453 and 35*459, 
or possibly 35*452 and 35*460 ; ’’ or the at, wt. of chlorine is 35*456 ± 0*003, or possibly 
35 4561;0(K)4. B. Brauncr illustrates the idea geometrically by means of Fig. 22, 
which he says makes it much clearer than is possible by mathematical symbols, 
how the greater the distance right or left from tlie middle line corresponding with 
Ag - -10/ 876, Cl™35*45b, the smaller the probability that the corresponding value 
for the at. wt. will be correct. The international value for the at. wt. of chlorine 
is 35*46. 
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It is astonishing what a vast amount of labour has been expended in the struggle 
for increased accuracy in the determination of the at. wt. ratios. Some of the later 
determinatioins are masterpieces of )>recision. It is jirobable that the majority of 
these researches has been directed towards the chlorine : oxygen or the chlorine : 
hydrogen ratio on account of its fundamental importance. Even now J. F. W. Her- 
schel’s words are not inapplicable ; 

It is doubtful whether such accuracy in chetnical analysis has yet boci\ atiainocl us to 
enable us to answer positively for a fraction not exc^ding tlic three or four-hnndre<lth part, 
of the whole ejuantity to bo determined ; at len8t“tho results of experiments obtaineci 
with the greatest caro often differ by a greater amount. 

Many have had misgivings as to the utilitarian value of the enormous labour which 
has been expended in this direction, and particularly when the bett representative 
values of all the best results are usually rounded off to the nearest tenth when the 
at. wt. are employed in chemical calculations. Lord Kelvin's words arc often quoted 
as a stimulus to greater and still greater precision : 

Accurate and minute measurement seems to the non-scientitic imagination a ieas lofty 
and dignified work tlian looking for something new ; di.seovcrios of scicnco liave been the 
reward of accurate measurement, and patient, long-contimied laliour in the ininiUe sifting 
of nuinerioal results. 

The eighty or more individual numbers we call at. wt., adds T’. W. llicliards, “ are 
perhaps the most striking of the physical records which Nature has given us concern- 
ing the earliest stages of i.he evolution of the universe. They are mute witne.sses 


S//ye/^ /07d7z mm >07676 >07^78 >0787$ >07-667 


Ch35-457>55'453S5^5SS5^ 55^54 5S^65'45€55'456 55-457 35457 35456 35'45$ 35459 

Fiu. 22. — B. .Braunor’s of the Relation of the Atomi (3 

Weight of Chlorine to that of Silver (Oxygen IG), 


of ilio first beginnings of the cosmos out of cliaos, and their significance is one of the 
first concerns of the chemical philoso})her.” 

We are now ]>roinised atoms of one element of dilTerent weight ; so that the 
observed at, wt. is a kind of average. If tJio atoms of different weight could he 
sojiarated, the fractions would uc<*,u[)y the same ])osition on the ])eriodic tal>lc, and 
be chemically identical- tliey are called isotopes, and the subject is discussed in 
Vol. ITT. According to the ])ositivo ray spectrograph, F. W. Aston olitained 
results whicli show tJiat chlorine contains tw'o isotopes of at. wt. .‘ib and 37 ; and 
W. I). Harkins has claimed that in the atomysis of Jiydrogen cjiloride the density 
of the fraction which remains in the diffusion tube increases at a rate corresponding 
with tlie assumption that the chlorine isotopes have at. wts. 35 and 37- with jossibly 
a third of at. wt. 31). F. W. Aston added : 


At fii'Kt sight it may seem iiicreidible that chlorine, who.so chemical combining weight 
lias been detemiined more often and with greater accuraey than almost any other t*Iem<‘iit, 
should not have given evidence of its isotopic nat ure in the past ; but it must Ih* rcmcnih(‘iv<l 
that, in all probability, every one of those determinations has been ptH^forincd w'ith chU>rino 
originally derivcul from the sea in which tlie isotopes, if c^v€'.^ separate, must have been 
perfectly mixed from the most remote ages. Chlorine from some other source, if sucih can 
he toim<l, may well give a different result, as <lid radio-lead when <'xamin('d. 

The atomic weight of bromine.— The at. wt. of bromine has been determined 
by methods which follow in principle those cnqiloycd for clilorine. A. J. Balard 
(1826), the discoverer of bromine, transformed a known weight of ])otassium bromide 
into the sulphate, and also reduced silver bromide to tnctallic* silver by means of 
zinc ; the numbers 74*7 and 75 3 were respectively obtained. J, von Liebig (1826) 
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also transformed potassium bromide into silver bromide, and obtained 75*2 for the 
at. wt. of the element ; 0. Ldwig (1829) obtained 75*76. These lumibcrs are very 
low ; this is, no doubt, due to the impurities present in the salts. J . J . llerzelius (1828) 
converted silver bromide into th(' chloride by tlie action of chlorine gas, and obtained a 
value tre^ approchee d u hut, namely, 79*36. J. 13. A. Dumas (1859), by the same method, 
obtained 79*95. W. Wallace ])recipitated silver bromide from arsenic tribromide, 
AsBr 3 , by the addition of silver nitrate, and obtained an at. wt. of 79*738, when the 
at. wt. of silver is 107*97, and arsenic 75. The jTCceding determinations are usually 
disregarded in modern estimates the at. wt. of )»romine because of the then 
imperfect state of the art of chemical analysis as involved in the work. 

J. C. G. de Marignac decomposed potassium bromate by careful calcination, 
and precipitated the bromine from the resulting potassium bromide by treatment 
with silver nitrate. J. S. Stas reduced silver bromate by treatment witli sul})hurous 
acid ; the ratio of silver to bromine was also determined by J. C. G. dc Marignac 
and by J. S. Stas either by synthesizing silver bromide from its elements; or by 
converting potassium bromide into silver bromide. J. S. Stas’ value, 79’9()28 


±0*(K.)32, has been recalculated by E. W, Clarke and by J. D. van der Rlaats, who 
obtained respectively 79*951. and 79*955. A. Scott obtained values varying froju 
79899 to 79*911 from his analysis of aiumonium bromidi'. J. S. Goldbauiu 
(1911) by tlie electrolytic method used fertile ratio Na : 01, olilained for the at. wd. 
of bromine 79*927, when the at. wt. of sodium is taken as 23 00. G. V. Ihi^iter (1906) 
dissolved the purest silver in nitric, acid, jirecipitaled silver bromide by the addition 
of ammonium bromide, and finally fused the w^aslietl and diied product in bromiiu^ 
vapour. He obtained values ranging from 79*914 to 79*918^- average 79*915- as 
the best representative value of Ids determinations, l^y collecting iogetluu* all the 
iitcidental determinations of the silver-bromine ratios since about J843, 
h. W. (Uarke obtained 79*9197 as the best reprcvScntative value for the at, wt. of 
bromine (silver =107*880, oxygen~16) ; J3. Brunner obtained 79*91(), if silver be 
107*880 ; 79*913, if silver be 107*876 ; and 79*909, if silver be 107*871 ; the error in 
the tlnrd decimal place is estimated to be about 0 004. ]\ A. Guye, E. ]\loles, 0. K, 

Reiman, and W. J. Murray have computed the at. wt. of bromine from determina- 
tions of the density and com})ressibiIity of hydrogen bromide. 49io results lie 
between 79 924 and 79*926, when Jf ~l*(X)76. The rnternatioiial ta]>Je gives 79 92 
as the best representative value when silver is ]()7*88. 

The atomic weight of iodine. -I n his historic Jle/uoirr 6'ur V iode (1814), J . L. Gay 

aissac atteiuptcd to (hjtermiiie the at. wt. of iodiiu', by the synthesis of zinc iodide, 
and 111 this manner he, obtained the value 125 for tJic constant. H. J)avy obtained’ 
132 by converting sodium hydroxide into iodide. J^y an analogous ])roc('ss to that 
employed by J. J.. Gay Lussac, W. LWt obtained 126. In 1825, T. 41iomson 
obtained I24 as a result of decomposing potassium iodide. In 1828, J, J. Ber- 
zelius converted silver iodide into tlie chloride by the action of clilorine on the heated 
salt ami obtained values ranging lietween J26*26andl26*39; and by the samcmethod, 
J. B. A. Dumas obtained the value 126*59. In 1843, N. A. E. Millon determined tlic 
percentage of oxygen iii potassium iodate and silver iodato. and obtained respc(‘.- 
tiveJy 1^0*69/ and 125*33. Ilie iireeeding determinations are usually disregarded 
in modern estimates of the at. wt. of iodine because “ tlie art of qualit^itive analysis 
was then in its infancy.” 

J C. (>. fie Marignac, showed that the ignition of the iodate is not suited for the detei - 
imnation simre some, iodine is lo.st duniijr thee.alehiation, and he iireferred thesynthesis 
of silver iodide by dissolvinfr a known weiKlit of silver in nitric acid and precinitatiiiK 
the contained sdver as iodide, liy the addition of ])ota.ssiutn iodide, a'he result 
furnished 12b odi and iLG-rihO. ,1. S. 8tas i7 analyzed silver iodate and determined 
both the water and the oxygen given off in each calcination, as well as the amount 
of silver iodide. He also reduced the iodate to iodide by sulpliurous acid, and 
.synthe, sized silver iodide by precipitation from silver nitrate by means of J.ydriodic 
acid, and by treating silver sulphate with ammonium iodide. Tlie resulte varied 
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from 126*85 to 126*861 — average 126*855. Botli J. C. G. de Marignac'n and J. S. 
Stas’ results were alYccted by constant errors, the chief one bcMiig due to the oc- 
clusiou of silver nitrate by the precipitated silver iodide. In 1902, A. Laderihiirg 
claimed that the valu(3 126*85 was about one-tenth too low ; and soon afterwards, 
A. Scott obtained the value 126*912 as a result of two syntheses of silver iodide. 
P. Kothner and E. Aeuer synthesized silver iodide by heating the metal in iodine 
vapour, and by precipitation from silver nitrate by the addition of hydriodic acid, 
taking jiiecautions to eliminate the occlusion of mother-] i(j[Uor. As a result, they 
obtained 126*986 (oxygen 16). 

A very careful series of determinations were made b\^ G. P. Baxter about the 
same time. He precipitated silver iodide from silver nitrate by treatment of the 
soln. with ammonium iodide in tlie ])resence of an excess of ammonia ; and also by 
converting iodine into ammonium iodide and precij)itating the silver iodide by the 
addition of silver nitrate, taking precautions to avoid an excess of the latter reagent. 
As a result of the whole work, 126 ‘929 was obtained for the at. wt. of iodine. 
G, P. Baxter and G. S. Tilley also measured the ratio of silver to iodine pentoxide, 
and found 0*646230, which makes the at. wt. of iodine 126*891. Al. Guichard de- 
composed iodine pentoxide into oxygen and iodbic. by heat ; the former was absorbed 
by red-hot copper, and the iodine (condensed. He found that if oxygen has an at. 
wt. of 16, iodine, is 126*915. G. Gallo electrolyzed a soln. of silver salt so that silver 
was dcpositinl on the cathode, and the iodine liberated at the anode by titration 
with sodium thiosulidiate. His determinations varied from 126*82 to 126*98^ — 
average 126*89. 

Summing up the various determinations, F. W. tJlarke obtained 126*920 ± 0*(1()033 
as the best rc prose iitative value for the at. wt. of iodine ; and B. Braimer 126*932, 
if silver be 107*880 ; 126*927, if silver be 107*876 ; and 126*921, if silver be 107*871. 
It is very jnobable that the ut. wt, is greater than 107*870 (oxygen 16) and smaller 
than 107*880, consequently, says B. Brauner, “ the uncertainty in these values for 
the at. wt. of iodine docs not extend to many units in the third decijnal ]>Jace.” 
This makes the at. wt. of iodine 126*93. The International table gives 126*92 as 
the best representative value. 

I'he anomaly in the at. wt, of iodine and tellurium with respect to their position 
in the periodic table has greatly stimulated rcsearclies on tlie at. wt. of these 
elements. Tt has been asked : Does iodine contain an undiscovered lialogcn 
element of higlier atomic weiglit than iodine ? In answer, G. P. Baxter converted 
iodine into hydriodic; acid by hydrogen sul])hide, and the hydriodic acid was con- 
verted hack to iodine by distillation witJi potassium ])ermajigajiate in siiioll quantities 
at a time so as to obtain four fractions. No dilference could be detected in the 
different frac.tions. If a halogen element were present in iodine with proj)erties to 
1)0 expected from the analogies with other members of the halogen family, it should 
have mjcumuhited in the first fraction. Hence it is unlikely that iodine contains a 
lialogeii element of liigher at. wt. than iodine. E Kohlweiler, however, claims to 
have evidence of the existence of iodine isotopes. 

The molecular weights of iodine, bromine, and chlorine.— When the vapour 
(lensity determinations of all known volatile chlorides arc collected together, a table 
illustrated by the excerpt "J’able Xf is obtained. The smallest combining weight of 
chlorine in any one of these compounds corresponds with the combining 35*46 — 
oxygen — I () — and accordingly tlii.s number is taken to rejjresent the at. wt. of 
chlorine. The at. and cq. wt, of chlorine liave the same numerical value. Similar 
results arc obtained with the volatile fluorides, bromides, and iodides. The results 
show that the best representative values for the at. wt. of the halogens are FJ, 19*0 ; 
Cl, 35*46 ; Br, 79*92 ; and T, 126*92. The vapour densities of the halogens corre- 
spond with diatomic molecules; at elevated temp., as already shown, there are 
sign.s of dissociation into nionatomic molecules, and tins niore particularly with 
iodine and bromine than with chlorine and fluorine. E. Paterno and li. Nasiiii 
have determined the mol, wt. of bromine in aq. and acetic acid soln. by the f p. 
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method, and the results correspond with the formula Iodine in dil, benzene 

soln. corresponded witli tlic molecule Ijj, but in niort* cone, soln., the molecule seemed 
to })e more complex. In acetic acid soln. the results were intermediate between those 
corresponding with mono- and di-atomic molecules. There has, however, been 
much discussion on the nioh'cular condition of iodine in diff^^'^'nt i^olns. 


Table XI.- -Molkcclau WKicriTs Volatile Compounds. 


Vi>latile chloride. 


Hyclrogon chloride . 
Chlorine 

Morciiric chloride . 
Arsenic trichloride . 

Tin tetrachloride 
J^hosphorous pentachloride 


• Vapour density. 


30*5 

70-9 

273*0 

IH2'1 

200*2 

208*3 


Formnln of com- 
pound ; Mol. wt. « 
vapour dousity. 


Amotint of chlorine 
in the molecule. 


1101 

, 35*40 

Cl, 

70*92 

ITgOl, 

70*92 

AsClg 

106-38 

SnOh 

141*84 

PCI 5 

1 177*30 


The valency ol chlorine^ bromine, and iodine.—Compounds arc known in which 
the three halogens act as uni-, ter-, quinque-, or septa-valent elements. Usually, 
however, these elements are univalent. In chlorine dioxide, C102, the chlorine is 
bi- or quadri-valent.i® In M. Bcrthelot's hydrogen perchloridc, IICI.^, the chlorine 
IS probably tervalent, and R, Meldola (1888) showed that the oxygen in the hydro- 
chloride of methyl oxide is best regarded as (juadri valent, the chlorine tervalent ; 
thus, ( 0113)2 : 0 : 01. H. Iodine also appears to be tervalent in the so-called iodoniiiin 
compounds. 


When chlorine pasacd into a chloroform soln. of iodohenzeno. CJi J, an addition 
compound phenyhododichlondo, CJIsJ.CUg. produced in which the halogen atoms au'i 
probably tervalent. When this Qompoxmd is treat i*d with alkali hydroxide, iodvmhmze.m, 
t ^^rmed ; and when this compound is boiled with water, it produces iodoxy- 

(yi,, 102 , and lodobotizene, Hy the action of silver hydroxide upon a 

oq. amounts of lodosobenzerie, (^«H,,LO, and ioduxybeu/(‘ue, follow^ed 

bv troatinent of the clear filtrate with potassium iodide*. V. Mi^yer preDaknl the so-called 

dfphenyl lodonlum hydroxide, (t’, 11 ,,), i.oH. 'rh„ irtwipitutoa hytiroxill,. fomw an ioi 

17r“l.„ j i 7 «o'^”’rru '''■y****"’^'*''* ‘■'•O”' iH y*llow niH-fllo-lik.-, crystals ,nol(in« between 

140 and I7<i . I he lodoniutn bases aiul salts roseinble those of htad and silver but nar- 
sno“&/sX\“f The eoio, , and solubility of the halides rosend.lo the eo'rre- 

hlddi; ,L"T' ehlori.le is white, the bio.uide pale yellow, aii.l the 

n^lklr The hydroxide and carbonate are soluhlo in water, and tlu^ soln. give an 

hJ^fr •’ /’•''‘r*'""’ the eoirespondinK' thallium salts. Diphenyl iodoniiim 

hydioxKle^r.veg a prefMpitato with ammonium sulphide, which looks like freshly preeipitatod 

Mtunony sulphide, and It consists mainly of a trissiilithide- possibly I -S S i^*r — (P H \ 

hydrS 110 '% '*^^ *" *«> be a derivative of an hypothetical lodonium 

hydroxylainine, HO N -H.,. Monoiododlohenvb 
lodonluin derivatives have been prepared by treatinc ioilosobi-nzerie. (Vll .TO, with sulphuric 

SdffCini I-OH T *‘u ioiliihO Tho 

reserehli 41 *'« ,J ^”'1 ^1*° “ther .salts. US Well OS I hc base, (( ',11 . )01i =I -C H. -I 

resemble the corresponding salts of diphenyliodionium. a i, 

Coinpotmils of tlie tyiie KBi-g are tisually supposed to contain a tervalent haloaen • 
the (hlorates, bromates. and lodates, and compounds of the t}me Osir to coidain 
quinquevalcnt halogens ; and the jicrchloratcs and periodates aU com mZ s o" 
the type Csl,, to contain septivalcnt halogen.s. comiiounUs ot 

ReEWKENCTiS, 

rr 'jf' J^^'W^f’.Washinefon 1010- Tt ai • 

ffattdhuck df.r anorgaiiMf/ipn Chemie, U-iv7,vT 4 H w loi t . r 11 "”i ' ^ 6 ewV 
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§ 16. The Colour of Solutions of Iodine 

The colouTS of iodine Boln. may be j'ouglily classed in two groups- —violet an<l 
brown— but there arc intermediate tints ranging Irom violet--red to reddish-brown. 
Thus, iodine gives a violet soln. with ehloroform, and hy the progressive addition of 
alcoliol, the colour changes : 

Violet. JlciUlish-violot. lUMi. Urowii. 

Alcohol . . . 0*1 0-2 0-4 0*5 por cent. 

According to A. Jiachinann,! soln. with ])nre solvents are always eitlier violtd or brown, 
the intennediate tints are produced by iinjiurititLS in the solvents, lie adds tliat 
violet soln. arc furjiish(‘d liy Jiydrocarbons, halogen eoinpountls (not iodides), nitro- 
compounds, and earboji disulphide, while Inown soln. are furnislied by iodides, 
alcohols, ethers, ketones, acids, esters, nitriles, nitrilo-hases, and various sulphur 
com])Ounds. Tlierc is a general tendency for tlie brown soln. to become violet 
when heated, and the violet soln. brown when suHiciently ( ooled.*-^ For example, the 
violet soln. in jiarathn oil becomes brown at — 90 '^ ; and the brown soln. in the fatty 
esters becomes violet at W, while the soln. in ethyl ether remains broAvn up to the 
critical tem]j. of tlie solvent. K. liigollot tried to establish a connection between 
the mol. wt. of the solvent and the colour of the soln. lie found that for homologous 
compounds, and for derivatives of the same radi(*]e, the absorption band is very 
sliglitly displaced towards the violet end of the spectrum. It is curious that wliat 
F. Walden called the multivalent solvents are those which jiroduce brown soln., 
and, according to W. Vaubel, a similar remark a[)pli(‘s to the solvents containing 
oxygen, sulplnir, and nitrogen— ejf. ether, organic a(‘ids, esters, alcohols, aldehydes, 
and ketones, lliineihyljiyrone jirodnces brown soln., a.nd it, according to 
A. W. Stewart and ll. Wright, is an oxoniiim compound with (piadrivalcnt 
oxygen. Similarly, the nimnbers of A. Laclunann's list of solveiits wdiicdi produce 
brown soln. have tlic characteristics of nnsaturated comjiounds in that they form 
associated molecules, etc. 

IMie absorption spec'tnnn of the violet soln. is not very different f rom that of iodine 
vapour, although one is a band and the otlier a line s])(‘ctrum. In his Hamflmclt drr 
Spcrtroscopie (Leipzig, 19()ri). Jl. Kayser thus sunmiarizes the observations on tlie 
absorjition spectra of red and browm soln. of iodine : 

The reel and Imnvn soln. are ijuilc trans])arctit lo Ihi' lon^^rr waves of and <)]>a(juo 

to the shorter waves ; th(‘ tninsjtjon in tlie visible S|>('clruin for w ave-Icnjjjllis \\ hieh 

are not very different. Tim vioJ<‘t soln. have- a brouf.! absorption band at about aOUpyi, in 
eoiiBequencc’. of which they have a .slronHjf'r absorption in tlio red ])or(ion of th(' s])<-etrum 
than red soln. ; they begin in tlie bhit‘, and a^oin bec<)nie < rarispanaii in tho idtra- 

violot, wdiero there is another a h.-^orpt ion ]>an<l whos(^ jiositifui is not known vi ry exactly, 
but which sooms to ho about :UO/xp,Hn<l is ]>robably extended to tlie limils of tht‘ *speeti ui'ji] 

The al)sorption spectrum of violet soln. is but little inlhumeed by the nature of iln* 
solvent, })y the temp, or by the concentration of the soln. Witli brown soln. 
of the same concentration, tlui absorption in the violet end of tlie visible spc<‘truiu 
and in the ultraviolet is much more marked. H. (hiutitT and (b Fharpy, E. Wiede- 
mann, and H. Ebert ex])lnin tlic pciaiiiaritios in the ojilicul pro])ertjes of iodine 
soln. by assuming a polymerization of the solute iodine wliich in the violet soln 
contain lo-molocules, and in t he lirown soln. 1,, . .-molecules. Under anv particular 
set of conditions, there is a state of equilibriiun whieli determines tlie 

tint of the soln. From measurements of the raising of tlur vap. press, of iodine in 
solvents which produce brown and violet soln,, M. Loeb as.snmed that the iodim* 
in the brown soln. is present as J 4 moleeules and in the violet soln, as molecules 
He explained the change from Inown to violet witli a rise of temp, bv assuming tliat 
the equilibrium is displac ed in favour of tlie J., molecules; and eonverselv 

with a lowering of the temp. 

Ei Beckmann, however, has shown that the lowTiIng of the f.p. of the violet and 
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brown soln. do not support M. Locb’s hypotlicsis.a For example, the mol. wt. of 
iodine at the f.p. of the following soln. is near to that theoretically required for I,, 
namely 253*84. 


Brown soln. 


Acetic acid ..... 25(5 

Urethane ..... 25<5 

JOihyl acetate .... 245 

jMothylal ..... 253 


Violet or reddish-violet soln. 


Carbon tetrachloride . . .252 

(*hloroform ..... 2(57 

Benzene . . , . .252 

Kthylene dibroniide . . .244 


Similarly with the raisin<^^ of the b.j>. in violet or reddish-violet soln. of iodine in 
benzoplienone, carbon disulphide, ethyl eliloride, idiloroforni, car[)on ietracldoiide, 
ethylene chloride or benzene ; or in brown soln. of ethyl alcohol methyl alcohor, 
thymol, ethyl ether, methylal, or acetone. The values for the last three solvents 
were rather low, presumably be(;ause of tlie cheiuical action of solute on solvent. 
High values with benzene are attriliutol to the formation of a solid soln. of solvent 
and solid. Confirmatory results were found l)y .T. Hertz with naplithalene, and by 
E. Beckmann and P. Wiintig with pyridine. The results by 1. von Ostromisslensky 
(o-nitrotoluenc), by G. Kriiss and E. Thiele (glacial acetic acid), and by U. Gautier 
and G. Cliarpy indicate pol)mierization, ))ut they are not considered to be reliable. 

In view of the fact that the mol. wt. of iodine in hotli brown and violet soln. is 
tlie same, E. Rcckinann assumes that there is a pari ial combination of iodine with 
tlie solvent, S, forming a compound, say SI^. Under any particular set of conditions 
there is a balanced reaction : To. With violet soln. the amount of com- 

bination is very much less than with brown soln. and the spectra approximate to 
that of iodine va])our. VV'^hen the iodine soln. arc heated the absorption band is 
displaced towards the red end of the spectrum approximating to that of iodine 
vapour ; the converse obtains wlien the soln. are cooled. The dis])laeemcnt of the 
absorption bands with temp, is explained by assuming tliat the additive compound, 
812, has a maximum absorption in the ultraviolet, and this is more or less alfcctod 
by the absorption band due to free iodine. The s])cctra of sojuo ])rown soln. become 
permanently altered on heating, showing that there is probably a considera}>]e associa- 
tion between solvent and solute. Since the e(juilibriuin is displaced in favour of an 
increase in the dissociation of the comj)lex, SI2, witli a rise of temp., the heat of 
formation of the complex is probably positive. This agrees witli the observed elTcct 
of temp, on the heat of soln. and solubility of iodine in diilerent solvents. The 
negative heat of soln. for all solvents except pyridine is less for brown than for 
violet soln. P. Wiintig has isolated a compound of ])yridine, Py, with iodine of the 
formula, PyTa- I). Macintosh (1910) found that by cooling al(X)hol or acetone soln, 
of iodine to or - -90 ', iodine itself and not an addition ])roduct separates out, 

and he argues that the negative heat of soln. of iodine in most solvents rather lends 
itself to the assumption that the addition compound should dissociate with a failing 
temp. Tlie observed negative heat of soln., however, is a ditTerence between the 
exothermal lioat of formation of the comj>]ex, 812, and the ejnlotinumal beat of 
soln. 

In support of tlie theory that in brown soln. a eoni[)Iex of solute and solvent is 
formed, F. Dolezalek ^ having sliown that the partial press, of each form of a sub- 
stance in a soln. is proportional to the molecailar proportion of it present in the 
mixture, P. Waniig found t hat boiling solm of iodine in ether, carbon disulphide, 
carbon tetrachloritle, chloroform, and benzene agree witli the assum]^tion that even 
at the b.f). there is a considerable amount of association between iodine and the 
solvents which form brown soln. With this hypothesis also before them, J . H. Hilde- 
brand and Jl L. Glascock measured the depresision of the f.p. of certain ncmtral 
solvents -broniofonn and ethylene dibromide— produce by iodine, and certain 
liquids separately and together. With mixtures which produce violet soln.' the 
total depression of the niixiure in the eonstituents are considered separately or 
together ; wit h mixtures which ])roduec brown soln. the total deprc'ssion with the 
mixture is less than the sum of the separate depressions. This is taken as a proof 
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that in brown soln. the solvent and solute are more or less combined. H. M. Dawson 
compared the extrapolated value for the mol. vol. of iodine liquid at 18 with the 
mol. vol. in nitrobenzene (violet) soln. with its value in ethyl alcohol (brown) soln. 
Other solvents were used. The mol. vol. increases in the violet soln. and decreases 
in brown soln. This points to the formation of an addition compound of solvent 
and solute. U. Pomilio found that for the same concentration of iodine with red 
(benzene) and brown (alcohol, or ether) soln. the increase in the viscosity is greater 
than with violet soln., pointing to the formation of larger molecules in the brown soln. 
A. llantzsch and A. Vagt, and M. Landau found that the partition coelil of iodine 
between two solvents which form violet or brown soln. remains constant, but with two 
solvents which form violet and brown soln. respectively, the partition coeflF. of iodine 
lietween the violet st>ln. is raised with decreasing concentration. This cannot be 
caused by a polymerization of the iodine in thci violet soln., and it is assumed that 
it is due to an impoverishment of the solvent in the brown soln. ; a rise of temp, 
diminishes the effect owing to the assumed dissociation of tlic addition compound. 
If Gautier and G. Charpy found that the chemical behaviour of brown soln. towards 
lead amalgam is different from violet ones in that brown soln, form yellow lead 
iodide before any green mercurous iodide is formed, wliilc violet soln. form green 
mercurous iodide. It is said that brown soln. first form mercuric iodide which 
passes into soln. ; this is reduced bj’' the lead forming lead and mercurous iodides, 
the latter is reconverted into mercuric iodide, and so on until the lead is all converted 
into the yellow iodide. If no lead is ]>resent the mercuric iodide is reduced to the 
green mercurous salt by the excess of mercury. With violet soln. green mercurous 
iodide is supposed to be formed at once. Hence. “ violet soln. of iodine contain 
the clement in a more sim])lo molecular conditioi^ with a tendency to form mercurous 
iodide at once.’' According to L. Carcano, violet soln. do not attack the skin so 
quickly as the brown ones. 

According to A. Boor’s law** the alisorption of lij^ht in passing through a layer of 
of unit t-hickuosa incroasoa in gooinotrical sorios whon the oonoontration inonuisoa in arith- 
mtJtieal scries ; and a<;cording to K. Vieror<lt\s rule, the eooff. of ahsorpl ion, a, is proportional 
to the concentration (J of the soln. These rules are applieablo provided the rnolocular 
state of the soln. is not altered by a ohaiigo in the concent rat ion- — say hy ionization, t)v 
degree of association of soln. or solviait. 1*. Wiintig found that iieitluT rule is ap])lieable 
to soln. of iodine, and it is assuin(M.l that the solute is partly ionized. 

According to J. Amanu,'^ brown soln. ot iodine contain ul 1 ,ra-microscopi (5 par- 
ticles, while the. violet soln. contain none. I'he violet-red soln, in benzene, toluene, 
and xylene are photosensitive in that clomls of iiltramicroscopic. partich^s are formc(l 
in white light, and the soln. rapidly turn brown. The soln. return to tlieir original 
state in darkness. In some cases, iodine soln. are true soln. either of free iodine or 
of an addition coin])Ound ; and in other cases they contain free colloidal iodine or 
of a polymerized addition comjiound. In some cases ultra-microsco[jic suspended 
particles of iodine arc present. 
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§ 16. Binary Compounds oi the Halogens with One Another 


Fluorine and chlorine form neither compounds nor mixed crystals, although there 
may bo a eutectic. H. ^loissari could detect no signs of a reaction when fluorine gas 
was led into an atin. of chlorine gas. The two liquids arc miscible. Several fluo- 
chlorides are known. Piuorino, however, does unite vigorously with bromine and 
iodine, forming BrP 3 and IP 5 respectively. Chlorine and bromine form mixed 
crystals but no compound ; bromine and iodine form mixed crystals and a com- 
pound IBr; while chlorine and iodine form two compounds --1C1 and — in 

which tJie iodine appears to function as a metal. Iodine tlius combines with all the 
halogens ; bromine does not combine with chlorine, but it coyibines with both iodine 
and fluorine ; chlorine combines with iodine alone ; and fluorine with both bromine 
and iodine, but not with chlorine. When the four halogens are taken in ])airs in 
the order of their at. wt., the chemical allinity between fluorine and cldorinc is least 
and that betw<ien bromine and iodijie is greatest. The known ))inary inter-halogen 
compounds are : 


( ‘hloi iiio 
Rromiiio 
lodino . 


Pluorine. 
No action 

IK, ■ 


Clilorino. 

Arixi‘d crystals 
IGJ ; ICI 3 


Bnaiiiiic. 
Alixod crystals 

IMr 


Fluorine and bromine. — VMiile no sensil)lc reaction between fluorine and chlorine 
has been observed, 1 £. Moissan ^ fouml that fluorine unites violently with cold bromine 
vapour, and the foactiou is attended by nne Jlamnie echiirant(\ l)Ut with the evolutioji 
of little heat. P. Lcbeati found that no flame is produced if dry liquid bromine 
is employed, and he showed that tJie product of the reaction is bromine trifluoride, 
DP 3 , a result almost simultajieously established by E. B. R. Prideaux. No reaction 
-solv(int or chemical -occurs between liquid fluorine and solid bromine, and the 
fluorine can be distilled from the latter without any sign of interaction. There is 
no indication of the formation of a lower bromide, say, BrP ; and attempts to 
f)rcpare a higher fluoride, say BrP 4 , by passing a large excess of fluorine over the 
trifluoride, WiU*e fruitless. Jiromine trifluoride was also made })y the action of 
fluorine on potassium bromide : KBr+ 2 P 2 --:KP+BrP 3 . 

Bromine trifluoride is a colourless liquid with a smaller sp. gr. than bromine ; 
it freezes to a crystalline mass melting at — 2*^ (E. B. K. Prideaux), or at 4'' to 5'^ 
(P. Lebeau), and boils between ISC and 140"" — the exact temp, was not deter- 
mined ])ecause the vapour attacked the thermometer. The liquid fumes strongly 
in air, and aecpiires an orange-yellow colour. The vapour is very irritating and 
corrosive. The reactivity of the trifluoride recalls that of fluorine itself. It reacts 
violently with water, giving off oxygen, and forming a mixture of hypobromous, 
hydrofluoric, and brojuic acids ; and an analogous reaction occurs with solii. of the 
alkali carbonates. These reactions are taken as evidence that bromine is the 
electropositive and fluorine the electronegative component in the compound. Even 
at — 10 *^ the solid trifluoride reacts incandesccntly with iodine to form iodine j)enta- 
fluoride, IF 5 , similarly with brojuine ; with sulphur, to form sulphur bromide ; and 
with red phosphorus, arsenic, antimony, boron, and silicon. It reacts with warm 
VOL. II. I 
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carbon ; and attacks most metals and their compounds. It behaves like fluonne 
towards organic compounds. - ♦ 

In 1844, H. B. Lecsen » claimed to have made a bromine fluoride by loading fluonne into 
bromine, but fluorine was not unequivocally isolated until 1880, and therefore this claun does 
not hold good ; some other products must have been formed. The ^me reiiiark applies to 
M. Aubr6o, M, Millet, and M. Leborgne’s claim to the use of bromine chloride in photographic 
work. 

Fluorine and iodine. — ^According to H. Moissan,^ when a current o|^ fluorine is 
directed on to a fragment of dry iodine, the iodine burns with a pale flame ; there is 
a large evolution of heat. Iodine liquefies almost immediately the fluorine begins 
its attack, forming a homogeneous dark liquid which on further action forms an 
upper colourless and a lower dark layer. Under suitable conditions, the product of 
the action can be condensed to a dense colourless, fuming liquid which resembles the 
iodine pentafluoride, first prepared by (i. Gore in 1875 by the action of iodine on silver 
fluoride in a platinum vessel: r)AgP+3l2->I1^5+5Agl. The same coinpound is 
formed by the action of fluorine on hydrogen iodide : HI+Sh^-^lPs+HF. Liquid 
fluorine exerts no chemical or solvent action on iodine, and the liquid can be distilled 
from the solid without any sensible change. If a tube of liquid fluorine and iodine 
be sealed oil, and removed from the cooling agent, the layer of fluorine near the 
iodine acquires a dark colour, the iodine liquefies, an energetic aijtion sets in, and 
white fumes are projerted some way up the tube, and finally a pale green flame ap- 
pears for a few seconds. An analysis of the liquid by E. B. K. Prkleaux corres])onded 
with the formula IF5. Fruitless attempts were made to prepare a higher fluoride. 

Tlic sp. gr. of the liquid pentafluoride approximates to 3*5 ; it boils at without 
decomposition, but it dissociates between 400'^ and 500*" ; the liquid freezes at —8° 
to a white solid with a smell resembling that of camj)hor ; the fumes from the liquid 
affect the respiratory organs. The liquid dissolves iodine and bromine forming 
brown-coloured soln. Iodine pentafluoride is very reactive although it is the most 
stable of tlie halogen fluorides. It reacts with water with le bruusemnU of red-liot 
iron forming iodic and hydrofluoric acids: 21 F5-I 51120 —1206 -f-lOHK. An 
analogous reaction occurs with alkaline soln., wlieii the alkali iodate and fluoride 
are formed. The liquid can be distilled in hydrogen without chemical change ; 

has no action at 10()‘" ; chlorine reacts in the cold, forming iodine chloride ; 
bromine produces bromine trifluoride, and iodine bromide, IBr ; phosphorus reacts 
vigorously, forming phosjihorus petitaflnoride, rF5, and iodine ; arsenic and anti- 
mony act like phosphorus ; with suljihur it forms sulphur liexufluoridc, SFq, and free 
iodine ; carbon reacts energetically forming carbon tetrafluoride, CK4, and iodine ; 
crystalline silicon is not attacked in the cold, but on warming, the reaction resembles 
that with carbon ; boron acts similarly. The alkali metals at first react energetically 
with the liquid, but the reaction soon comes to a standstill owing to the formation 
of a protective layer of iodide an<i fluoride ; the molten metals react with explosive 
violence. Silver, mercury, iron, and magnesium are not attacked at 100*", ])latinuTn 
is attacked at a red heat. Silica is attacked slowly in the cold, ra]jidly wlien heated ; 
dry glass is attacked with but little vigour ; and the silicon alloys- e.g, fcrrosilicon 
— are rapidly attacked when Wtarmed. Potassium hydride, KIl, reacts energetically 
producing a violet vapour of iodine and hydrogen iodide, and solid potassium iodide 
and fluoride. Calcium carbide does not react at ordinary temp., but it does so when 
warmed. Calcium carbonate and phosphate do not react with the pentafluoride. 
The liquid sinks in cone, sulphuric acid and is slowly decomposed ; it mixes in all 
proportions with nitric acid and is likewise slowly decomposed — hydrofluoric acid 
is formed in both cases. It reacts vigorously with liydrochloric acid. Carbon 
disulphide dissolves the liquid forming a dark violet soln. ; turpentine is energetically 
decomposed ; benzene at first dissolves the liquid, but a vigorous reaction soon 
starts. 

Chlorine and bromine. — ^In 1826 A. J. Balard ^ believed that he had formed a 
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comi)ound of these two elements as a strongly refracting yellowish-red liquid, by 
passing chlorine into bromine, and condenafiig the vapour in a freezing mixture. 
C. Lowig and C. P. Schonbein (1863) confirmed these observations, and the former 
also claimed to have made a chlorobromine hydrate, BrC1.5H20. W. Boruemann 
(1877) further investigated the subject, and said that the chlorobromine is formed 
only at temp, below 0°, and that the alleged hydrate is probably a mixture of the 
hydrates of chlorine and bromine. According to J . Krutwig, chlorine acts on silver 
bromate, AgBrOs, at 50"" forming silver chloride, oxygen, and chlorine monobromidc, 
P. Donny and J. Mareska (1845) believed that the two elements united chemically 
at —90® ; and y. Thomas and P. Dupois (1906) not only claimed that hromine 
monochloridey BrCl, is formed by the action of liquid chlorine on bromine, but they 
state that hromine trichloTide, BrClg, is fonned as a red solid by the action of liquid 
chlorine on bromine monochloride. L. W. A^^drews and H. A. Carlton (1907) 
determined the sp. gr. of mixtures of liquid chlorine and bromine, and concluded that 
because there is a small contraction “ chemical combination probably occurs to a 
limited extent between these two elements.” 

In 1882, M, Berthelot expressed doubts about the alleged formation of com- 
pounds of these two halogens because of the small heat developed during their 
supposed union : Bru^.+Cliiq. — BrCliiq.-f O-7 cal. The work of P. Lebeau (1906) ® 
and B. J. Karsten (1907) has shown that M. Berthelot's suspicion was well-founded. 



Fia. 23.- — Boiling Point Curves of Mix- 
tures of Chlorine and Bromine, 



Fiu. 24. — Boiling Point Curves of Mix- 
tures of (Uiloiincj and Iodine. 


The reports of the formation of compounds of chlorine and bromine, and the descrip- 
tion of the properties of the,^e compounds arc to be blue-pencilled ; in all cases the 
products under investigation were no doubt mixed crystals of the two elements. 
The f.p. and the b.p. curves show no signs of the formation of a chemical comjjound, 
but the evidence points to the formation of a continuous series of mixed crystals 
of the two elements. The liquidus and sulidus curves, as in H. VV. B. Koozebooin’s 
Type I (Pig. 6 — !• 10, 2), fall regularly from the m.p. of bromine to that of chlorine, 
and from about 20 to 90 per cent, of chlorine the two curves are from lO"" to 11" apart, 
being respectively convex and concave to the horizontal axis ; but there is no sign 
of a maximum. The results show that the comj;>osition of the crystals is dependent 
on the temp. The fact that analyses of tlie supposed compound furnished numbers 
in agreement with BrCl was a consequence of the solubility of chlorine in bromine. 
Pig. 23 shows the composition of the vapour and that of the liquid with which it is 
in equilibrium at the b.p. with mixtures containing varying pro])ortions of the two 
elements. There is no sign of an approximation of the two curves at intermediate 
points such as would occur if chemical combination occurred, and sucli as actually 
occurs with the corresponding curves for chlorine and iodine, Pig. 24, where the 
curves approach, and almost touch one another at a point where the two com- 
ponents are present in equi-atomic proportions, ICl. In the latter ca.se, therefore, 
it is inferred that the compound 101 exists in the vapour phase, and is only slightly 
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dissociated at lOO”, the b. [). of the ])articular mixture in question. While the evidence 
from physical clu‘mist rv (huswives iu>-suppoT( to 1 lie existence of a bromine chloride, 
M. Delepiuc and Ji. Ville believe that such a cojnpound does exist be(5anse a soln. 
of (‘hlorine in bromine reads with ethylene form in 14; chlorobronioetliane. ^ 

Chlorine and iodine. -In the course of his historic research on iodine, J. L. Gay 
Liissac (1814) ^ prejjared a compound of iodine and clilorino by the action of chlorine 
gas on iodine — tlic gas was absorbed by the solid forming a reddish-brown liquid 
which is so remarkably like bromine, that before that element had been recognized 
as a distinct chemical individual by A. J. Ralard, .3. von Liebig mistook bromine 
for iodine chloride. If the chlorine be in excess, citron-yellow necdle-like crystals 
are formed. The liquid product is iodine nionochloride ; the crystalline solid is 
iodine trichloride. H. Davy called the ])roduct formed by the action of iodine on 
(chlorine, cMorionic acid, aiul he regarded it as a couqxnmd consisting of “ one 
j)roportion of iodine and one of chlorine — Lc. iodine monochloride. 

W. Stortenbeker's ^ investigationon the f.]>. c urve, b^ig. 25, left no doubt as to the 
existence of these two iodine chlorides. The f.j). curve shows two maxima, one at 
27*2'" corres])onding with the so -called iodine a-monochloride, and the other at 101'' 
corresponding with iodine trichloride ; the c'orrc'spojuling eutectics are at 7'b'^ and 

22‘7"’. In 1854, d. Tra])p sliowed that there are 
Iavo modilicatiuns of the monocldoride which 
\\ . Stortenbeker rcsspecjtively distinguished as the 
a- and /Lforms. d’he a-modiheation is formed if 
the fused mass is rapidly cH)oI(‘d when it forms 
niby-red, transparent, needle like (Tystals Ixdonging 
to the cid)ic system. The sp. gr. is .‘>18223 (()'') 
ajid 3 I2b88 (18 ’) according to T. E. Thorpe, Idie 
iodine /i-monochloride is formed when the uTider- 
cooled liquid is slowly coohul by a fre.M^zing ndxtiire 
to — lo’. The crystals arc* brownisli -red. six-sided 
rhombic plates resembling solid iodine^ ; they melt 
at 13 !) ’ or more exactly 13 92' . 'Fhci adorm is the 
stable variety. Hoth forms when nirlted furnish 
the same licjuid ; and t he jn.p. of each variety is 
lowered if eitln*r iodiiu* cn* c hlorines l.»o in <*xocss as 
indi(;ated in the diagram. d'Jie /Lcrvstsls are juore 
stable in the presence of an excess of iodine, and less stable iji the [)rescnce of an 
excess oi chlorine. *^1 he existcmcc^ of iodine monoeddoride in freezing soln. has also 
been established by the ex])erinHmtal n‘.sidts graphed in Fig. 2^. 

£n J 80 1 , H. Iviijiifnc'i’t'r ^ de.sc'i'ilx'd what tie eonsi(l<T(‘<i to t)e fudutf tih'di )ili>rnh\ iCl.!, 
hilt ft. Ji. eoulil ?in( foiitiriu tlw ifport. /rw/oe’ pi nluffilo) nfi\ JCM.,, aiiiilo;^ons with 

iocJiiie liy.,, lias not. ht.’en isolalett. 1 }n>k (‘oinjuaind may )>(' forriu'd ))V' tho 

HC^Uon of elilorine 011 iochae; if so, it is so uii.stahle at uttlrimi y [ir«*ss. tlmt it fm.s not 

been rec'ogaized. 

The preparation of iodine monochloride. -Iodine monoc Idoride can be niade 
by passing (Iry chlorine over dry iodine eoidined in a, retort until tln^ solid has 
completely liquefied; or, as recommended by W. Burn<*mann,''^ until crystals of 
iodine tiichloride appear. I he liipiid is then distilled; a. r<‘ddisli-brown iiuid is 
obtained whicli, according to behutzenberger, sliouhl be rc'ctitied by dist/dlation 
a cuiijile of times betweeji 1<)0 and lt)2^. I’he, analysis ajiproximates to iodine 
iiioiiochloi ide, iCd. A. Runsen (IBoJ) obtained the sunu*. compound by boiling 
iodine with an excess of iiqua regia, diluting the lirpiid \^ith wat(‘r, extracting with 
ether, and evaj^oruting oti the ether. 

To prepare iodine monochloride, mix iOOgrms. of tinely powdcaeij iodine with :U)0 e e of 
hyilroehloric acid (sp. gr. J*15) in a porc elain hasiii j and add 28 e.e. of nitric acid (sp. gr. 
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1*41) to provido suffiojpiit chlorine to convert all the iodine into its chlorides 'Fho rnixtun' 
is continuonsly stirred on a water Viath at about 40°, the. colour changes from brown to pale- 
yellow when the reaedion begins ; tho iotline tla-n tlissolves aii<l fho sohi. boromrs orangc>- 
coloured' -no chlorine escapes uiidia* thi^so conditions, 'rhe water in the batli is tlion boiled 
to ex])cl the nitrosyl chloride. With tho excess of liydroehloric acid used, the soln. of iodine 
chloride is stable and does not deooinposo on boiling. 

(f. S. SenilJas recommended ])assing chlorine iltrougli tinc ture of iodine, Imt there is 
then II com])lieation due to the action of thci gas on the alc'ohul. Iodine monocldoride 
is formed by the action of hy])Oc*hlor()us acid or of siilpimryl chloride, SO^Clo, on 
iodine (O. Ruff), or, according to A. Tbhl, on iodohenzene, jy-iodotoluene, and 
analogous aromatic iodides— a trace of water may he required to start the reaction. 
These reactions are not recommended as processes for preparing the compound. 
According to O. KulT, the sulphuryl chloride docs not act on iodine alone, luit in 
tlie presence of aluminium chloride or iodide, iodine monochloride is formed if the 
sulphuryl chloride 1)0 not in excess : S(). 2 Ct 2 -| h - fiSOo ; if the sulphuryl 
chloride ho in excess, some iodine tricldoridc is also fonned. According to R. Ibinscn, 
nitrogen iodide dissolves in hydrochloric acid without developing a gas, and the 
liquid contains iodine monochloridc. 

In general, A. Skrabel and V. Buchia have shown tliat Iodine monochlovide is 
alone jiroduced when iodine or an iodide is treated with a strung oxidizing agent- - 
iodic acid, chloric acid, chlorine, Jiypochloriies, p(U“ruanganalc*s, et(‘. in tlic ]>rosem*e 
of cone, hydrochloric acid. It is supposed tljat hypoiodous acid, 1 .Oil. is first formed, 
and suhsequcntly transformed to iodine monocliloride l>y the acid. ITiiis. (A Roberts 
recommended reducing iodic acid by ))otassinm iodide in the presence of cone. 
hydro<'hloric acid. Hv<lrogon chloride also reduces io<line pontoxide with the forma- 
tion of iodine monochloridc. J. J. Berzelius^ process is one of the most convenient 
modes of pre[)aring iodine monocliloride, namely, by heating an intimate mixture 
of iodine and potas.sium chlorate ; Schiitzenberger recommended four parts by 
weight of chlorate to one of iodine. The reaction is symbolized: 2KCl()3+l2 
l-C'U. 'JTie chlorine so formed unites with the excess of iodine to form the 
monochloride. According to T. E. Thorpe and (A Jl. Perry, potassium cliloride, 
potassium perchlorate, and iodine ]>entoxi<]e an* formed only wlien tlie mixture is 
heated to too higli a. tern]). 'V. E. Thorpe recf»mmeiuls purifying the product by 
distilling it from ])Owdered potassium chlorate. 

The properties of iodine monochloride. As just indicated the hyacinth-red or 
ruby-red solid exists in two forms ; as indicated above, A\'. Stortenbeker found t hat 
tlie a-variety lias a m.]). of 27*2 ’ or 27*lGrA ((A Oddo), and the jS-variety, I3*f)'' or 
13'92'^ ((A Oddo). The older determinations by J. Trap]), J. B. Hannay, and. 
P. iScliiitzenberger arc inaccurate on account of the u.se of inq>ure .sf)erimens. The 
b.p. of tho molten iodine monochloridc has not been y(‘t detcrminc*(j very precisely. 
Determinations by T. E. Thorpe, (A Oddo and E. Serra,^ and d. B. Haimay 
varied from KXT' to 102^^ ; VV. Rtortenheker i?iterpolales from liis vu]). press, 
measurements 91*7 and B. J. Karsten finds 97’'1‘\ Possibly the higher boiling 
product contains some iodine in soln. owing to the decomposition : 3l(U-»T2-hTCl3, 
observed by K. Kane and W. Bornemaiin, and tlie sublimation of the trichloride, w'hich 
leaves the molten lie] uid richer in iodi ne, 1Tie d issociation of the molten inonochloride 
can be but small since W. Storte.iiboker found at 30*^, 51* I, and at 80'\52*1 atomic 
per cent, of chlorine; even at^thc b.p., the di.s.sociation is but small, as is evident from 
B. J. Karsten's diagram, Fig. 25. As the composition of the liquid phase deviates 
from the proportion 01 : I i ; 1, so does chlorine tend to accumulate in the va])our 
|)hase, and only when the composition l(T is a])])roache(l do both ])hases have the 
same com]>osition. 'ITio lower end of the boiling curve corres])oiids with the 
se|)aration of KT.^ from tin*, molten li(]iud. 1Tu* va]). ])ress. of iodine monochloride 
at its m.]). 27*2'' is 39 nan. The brownish-red colour of the vapour indicates that 
iodine monocliloride is stable ; tho absor])tion specTnim of a 30 c.m, layer of vapour 
at lO'A and 30 mm. press., was found by D. Gernez to be different from that of 
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chlorine and that of bromine, chiefly in virtue of its possessing fine lines in the green, 
H E. Roscoo and T. E. Thorpe drew attention to the resemblance of the spectrum 
of iodine monochloridc to that of bromine. 

W. Stortenbeker found the heat of the transformation to be ICI(j“>’ICla-f'203 
cals., or, according to S. Tanatar, 273 cals. The heat of fusion of the a-form is 
— 16'42 cals, per gram or — 2658 cals. (- -2320 cals, according to S. Tanatar) per 
mol. ; and for the jS-form. -li cals, per grm., or — 2267 cals, per mol. W. Storten- 
beker also found the sp. ht. of the a-form to be 0 083 between — 13*5° and 15° : for 
the j8-form,0'085 between —10” and 0 " ; audOlbS for the liquid between 15° and 
77°. K. Streoker found the ratio of the two sp. ht. to be y— l‘3i7 ; and Cp=0‘0512 ; 
0,.T=0‘0.38y. The sp, ht. of both the a- and jS-forms arc nearly alike, and hence the 
heat of transformation is nejirly independent of temp. The heat of formation, 
according to J. Thomsen, l»„ii(i l-Clga8==ICl|if,„irt-t-5‘8 Cals., and according to 
B. Berthelot, for Igoiu-f-Clgas— lClsoiifi+b‘3 cals. No difference can be detected 
in the nature of tJie brownish-red oily liquid, iodine monochloridc, derived froni the 
a- and jS-solids. S. Tanatar found the sp. gr., and K. Beck the viscosities, to be the 
same, and the heat of resolidification to the a-form arc the same. Iodine monochloride 
is miscible with iodine or bromine in all ])roportions. The sp. gr. of the a-solid is 
3 1822.3 at 0 °, 31288 at 17 93' — .1. B. Hannay’s values are a little higher; the 
sp. gr. of the liquid is ; 

16’ 30’ 45° 60° 72° 86° 95° 101'8° 

Sp.gr. . . :P28i>C ai80 :j-t32 .3084 3 0.32 2-988 2-904 2-S82 

T. E. Thorpe’s formula for the specific volume v at the temp, d is «j^l-[-0-00()915896fl 
-{-0-()(X)(MX)83296d2-| 0-(.)00(X)00()27.50d‘h The vapour density is that theoretically 
required for Id ; with oxygen 32, the value for 113 is 162 -.38 ; at 120°, the vapour 
density is IfiO'O, and at !>12°, 156-4. Conclu.sions as to the degree of dissociation at 
different temp. (;annot be derived from the vapour dcoisity determinations since it 
proceeds without changing the numhor of molecules — 2 Id-->J 2 -} Cl 2 . Iodine tri- 
chloride vapour is almost completely dissociated into the monochloridc and chlorine. 
K. Beck’s value for the viscosity is 7 029 at 15°, 5069 at 28-4"- -benzene at 5 ° unity. 

Unlike iodine, the monochloridc docs not blue .starch, l>ut it bleaches indigo 
and litmus soln. The aq. .soln. can dissolve nuieh iodine. Iodine monochloride 
dissolves in carbon tetrachloride find in liquid suljihur dioxide, forming red soln. ; 
arsenic trichloride forms a reddish-brown soln. The mol. wt.’- of the a-form of iodine 
monochloride in phosphoryl chloride determined by the cryoscopic method, corre- 
sponds with the formula ICl. Tlu; b.j». of (farbon tctracliloride is lowered by iodine 
ti-ichloride owing to the fact tiiat the solute sublimes between 70° and 75°. The b.p. 
of carbon tctracliloride is also lowered by iodine monochloride ; 6. Oddo and 
E. Serra attrihute this to dissociation in accord with the cquation9ICl-»l2-|- 14 -f 3 ICI 3 , 
and the effect of the. tBehloridc in lowering tlie b.]). masks tbo rise due to the iodine! 
Ihe deprestsion f)f the f.p. of glacial acetic acid by iodine monochloride i.s normal, 
corresponding with the formula 101. ’ 

Iodine nionochloTidc is .stable in hydrochloric acid in which it forms a yellow 
soln., but in water it i.s prcsunialdy hydrolyzed forming hypoiodous and hydro- 
chloric acids ; 101 1 H^O^HOI-f-HOl, corre-spomling with the fact that the iodine 
is more olectropo.sitive than chlorine. The hypoiodous acid immediately breaks up 
into iodic acid, HIO 3 , and iodine : 5 HI 0 =--- 2 H 20 - 4 - 2 Io-fHI 03 . The joint effect of 
these two consecutive reactions is symbolized : 5101 -f 31120=212-1- bHCl+HTOs an 
equation which is virtually that empioycfl by J. L. Gav Lussac in 1814 to represent 
the formation of iodine and iodic acid when iodine monochloride is decomposed 
by water. According to W. Bornemann, the iodine which separates is brought 
into soln. by treatment with hydrochloric acid. 'I’hc iodine monochloridc forms 
a complex, ICl.HCl, m the presence of hy<lrochloric acid. P. Schiitzonberger found 
that this compound may be isolated by extracting the soln. with ether As the 
acid is diluted, the compound is progressively hydrolyzed. Aq. soln of the alkali 
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hydroxides behave, in a somewhat similar manner to water furnishing the alkali 
chloride and iodate, and free iodine ; the latter may react with the excess of alkali 
lye forming a mixture of iodide and iodate. If the alkali be not in excess, H. Griine- 
berg found some alkali chlorate is formed. According to K. J. P. Orton and W. L. 
Blackman, an alkali hypoiodite can be detected for a short time in the soln. obtained 
by treating iodine monochlorido with a soln. of an alkali carbonate, or lime — or 
baryta- water. With ammonia, A. Mitscherlich and R. Bunsen found that ammonium 
chloride and nitrogen iodide are formed. 

The salts of the oxychlorine acids are decomposed by iodine monochloride, 
forming iodates and free chlorine ; thus at ordinary temp, the hypochlorites are 
rapidly decomposed: ;3K0C1+IC1^KI03 | 2KC’1+Cl2» and the chlorates slowly: 
KC103-[-IG1->KI03 -bCla- Consequently, both .iodine, and iodine as the mono- 
chloride, displace the chlorine from the oxychlorine acids. The reverse is the case 
with the halide salts. Iodine monoiihloride behaves towards mercury, aluminium, 
phosphorus, arsenic, antimony, bismuth, tin, etc., very much like free chlorine 
forming the metal chloride, some iodide, and free iodine. Aluminium foil is not 
attacked very much at first, but it afterwards burns with’^ bluish- white flame. 
Copper foil acts very slowly, but the powdered metal reacts quickly. Potassium 
explodes in contact with iodine monochloride, but the action with sodium is very 
slow. Sulphur reacts slowly forming free iodine and sulphur chloride, selenium 
acts more quickly, and tellurium more quickly still. Hydrogen sulphide and sulphur 
dioxide are decomposed with the separation of iodine, and iodine reacts with the 
excess of sulphur dioxide A sat. soln. in carbon disulphide gives off white fumes, 
and on tlie addition of water, an oily mixture of carbon disulphide, carbon tetra- 
chloride, sulphur chloride, and carbon thioebloride is precipitated. Metal oxides — 
c,g. lead dioxide, cupric oxide, mercuric oxide, etc. — form metal chlorides and 
iodides, free iodine, and oxygen. With galena, iodine mono(.hloride forms lead 
iodide and sulphur chloride. Mercuric (jhloride precipitates niercuric iodide from 
cone. soln. of iodine monochlorido and iodine trichloride remains in soln. A little 
stannous chloride, SnClg, ])reripitates iodine and forms stannic chloride, 80(^4, but 
with more stannous chloride, stannous iodide, Snis, is formed. 

IM. Faraday found that liquid iodine chloride can be electrolyzed, the iodine 
collecting at the cathode, the chlorine at the anode. According to the ionic hypo- 
thesis, this means that iodine chloride is partially ionized, ICl~I*+Cr, that is, 
iodine monochloride is a compound of the cation, I*, with the anion, Cl'. This also 
corres])onds with the chemical behaviour of this compound, and with O. Walden’s 
experiments on the electrical conductivity of soln. of iodine monochloride in in- 
organic solvents — liquid sulphur dioxide, arsenic trichloride, and sulphuryl chloride. 
L. W. Andrews assumed that iodine monochloride is the chlorine derivative of 
hypoiodous acid, HOI ; A. Skrabel and F. Buchta consider it best to regard the 
hydroxyl derivative HO.l as a base. Iodine monochlorido forms an addition 
compound with hydrogen chloride, ICl.HCl, as found by P. Schutzenberger,!^ in 
which the stability appears to be greatly increased. P. Schiitzenberger’s compound 
may be regarded as a complex acid, HICI2, with the ions H' and ICl^' ; and the 
polyhaloids of H. L. Wells and S. L. Penfield, and A. Geuther as salts of this acid— 
e.g. the compound KCl.KU becomes KICI2 ; N(CH3)4C1.IC1 becomes N(CH3)4.ICl2 ; 
etc. Phosphorus pentachloride with iodine monochlorido forms phosphorus tri- 
chloride and the compound PCI2I. 

Iodine trichloride. - This compound was discovered by J. L. Gay Lussac as the 
result of treating warm iodine or iodine moiiochloride with an excess of chlorine. 
The trichloride collects as a citron-yellow crystalline sublimate on the cooler parts 
of the vessel. It is also formed by the action of liquid chlorine on iodine, or an 
iodide- say lead iodide. *9 The iodine trichloride is almost insoluble in liquid 
chlorine, and hence, say V. Thomas and P. Dupuis, this method of preparation is 
very convenient. It is also formed by the action of dry chlorine on hydrogen 
iodide (A. Christomanoa) ; silver iodate (J. Krutwig) ; or methyl iodide (L. von 
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IloRvay) ; by the .ac.tion of hydrogou clilorido on iodic acid (G. S. borullas) ; of 
pliosplionis ])entachl()ridc on iodine penloxide (U, Bicnkn) ; of iodine on sulpnuryl 
chloride in excess (0, Kufl) : 3802^ 'I 2 4 ’l 2 iodine 

inonochlorido. 

1^0 prepare iodine trichloride, heat 20 gi'iiia. of iodine in a retort, ^1, hig.^ 20, which de- 
livers into a glass balloon li lilled with cdilorino, and connected with a Kipp 8 apparatus (.* 
dtilivering chlorine. d3ie chlorine is rapiflly absorbed as soon as it coinos in contact with 
the vapour of Iodine, an^l reddish-yellow ci'ystals of iodine triehloride are formed on the 
walls of the balloon. Tho excess ‘of chlorine is linally expelled by a stream of (carbon 
dioxide. Tf the crystals are desin'd, the balloon rnust bi? broken ; if a solii. of iodiiu* 
trichloride is desired, t.he crystaKs can be dissolved in about ton times their weight of water. 


Iodine trichloride forms long citron-yellow needles, and also large reddish-brown 
rhombic idates. T)io s]). gr, at 15’ is 3*117 (A. Christ omanos). This coinjioiind 
jU(‘lts in a seahMi tube under the press, of its own vapour at 11)1'' and 10 atm. jiress. 
forming a reddish-brown liquid whieh freezes to eiystals of tlie same colour. The 
citrpu-yellow crystals are obtained by sublimation. The dilTerences in colour 
and appearance led W. Stortenbeker to say i liai the trichloride is dimorphous. The 
crystals readily decompose in air, but they can bo ]>reserved unchanged in an atm. 

of chlorine, and A. Christoinanos states that the 
v compound is so volal-ile that it sublimes at —12'*’ 

’ in an atan. of carbon monoxide or dioxide, au<l at 

in an atm. of oxygen. According to V. G. 
f \ MetikolT, the vapour of iodine triehloride is 
;j almost, completclv dissociated into the niono- 

ii ' ^ V / chloride and free chlorine at about 77'' and atm. 

4^-tr press. The f.p. curve is indical(‘d in Fig. 25, 

^ I L ' 

f‘>nuation Isuii.i i f’als. 

(T. Thomsen), or j I <13 (^als. (AT. Jlertlielot) ; 
or K’l ILI,„||,| ! ir) (iG C'uIk. (J. Tlioin- 

s<‘ii). ur .'1 I’als. (.M. I'xtI 

At ordiiiiiry fcnij). hydr.ii^cn lias no action on 
iodine 1iiclilorid(‘, hut. wlien wai nied, it foniis tlie 



Fill. 20.- -The I’nniHintimi of i<lonO(;liioiid<‘ and liydrouen chloride: 1 IChj 
Iodine 'riicdiloride. L'lK'l ; aiiii at, a still higher temp., hvdro- 

gen iodide and chloride are forim'cl. The tri- 
cliloi'ide behaves towards potassium, phosphorus, and tlie owchlorine acids in an 
analogous mamier to the monocldoride. According to M. Basset and K. Fielding, 
chlorine monoxide -ga.scoiis or dissolved in carbon tctracliloride furni.shes iodine 
pento.vide and free chlorine: alt ft, lot :LO - Id )- ! fS( ; it docs n.it acton iodic 
acid or on iodim* ]>cnto.Ki<ic. Iodine triehloi’Kh* (iiss()l\’<*s in Ixm/.ene, carbon tetra- 
chloride. nitrobenzene, li([uid sulphur dioxide, etc., and the two last- named soln. 
conduct elect ricity.“« Iodine trichloride tlissolvcs in alcohol and ether, but slowly 
decomposes the.se licpiids ; and with carbon disnlphid<‘, said .J B llamiav' it 
reacts : ICS.^ |-(iI('J;j 2ai4d 2(VS('I.^ f ASd.'L-t .‘B- 

Tlie trichloride is less soluble in water than tlie monoclih.ri<le, and it forms a 
dark yellow, strongly acid lh|uid which fumes slightly in air. Water furnishes 
similar products to those obtained with the monocldoride. According to A. .Skrabel 
and |. . Buchta, tin* tir.st action of water i.s to hydrolyze, tin. cojuj.cjuud : 11.^0 

d-OCLOH. ft is more, generally suy.posed that the tii.st action f)f water is to 
hydrolyze the trichloride: IFIs KJM.dl^JlslO.^fSJICI ; t|m iodic acid, HalO,, 
immediately hreaks down into iodic and hypoiodous .acicls : 2J^3IO.^--]^OI^ JIK). 
-I 2H2( ), ajid tlie hypoiodous acid reacts with tin- hydrocldoric acid formed in tin- lirst 
.stage of the reaction: HOI | HCI -.ICHH 2 O. According to F. Bchiitzenberoer 
the reaction progresses: 21(11;, |-3Il20=--5JIt!l-|-lCl | JlJOg, and the hydrolysis i.s 
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coin])lete if 10 to 20 ino,sl. of water are used for each luols. of the trichloride ; if less 
water is used, some trichloride remains in soln. undecomposed. In consequence of 
the hydrolysis, the aq. soln. is stable only in the presence of much hydrochloric acid 
— ^possibly a complex ICI3.HCI is likewise formed. The action of soln. of alkali 
hydroxides follows similar lines — c*.hIorides, chlorates, iodides, iodates, and free 
iodine are formed as with the monochloride. If the alkali be not in excess, the 
reactioTi is represented : r)ICl34-18K0H-$^3K1034-l2+15K(U+l)H20. There are 
some side reactions furnishing hypochlorites and chlorates, and, according to 

J. Philij)p, perchlorates, corresponding with the tendency of the trichloride to lose 
free chlorine: 1(.33-^IC1-} Cl^. In alcoholic solution, potassium hydroxide forms 
with the trichloride, potassium iodide, iodatc, chloride, and iodoform. According 
to A. Christomanos, ammonia in excess forms nitrogen iodide, and ammonium iodide 
and chloride. Sulphuric acid preci])itates from aq. or hydrocliloric acid soln. of the 
trichloride a white precipitate which soon changes to a yrdlow colour, and which has 
some analogies with P.Clirotien's iodosulphatc.^i I2O3.SO3.pi2O ; it dissolves when 
tlie mixture is heated but separatcis out on cooling ; nitric acid precipitates iodine 
with the evolution of chlorine. 

Silver foil is transfornu'd by anaq. soln. of the trichloride into silver chloride and 
iodide ; silver oxide witli an excess of the trichloride is transformed into the chloride 
and iodic acud ; with more silver oxide, silver iodate is formed ; and with an excess 
of the oxide and a boiling soln. some silver periodate is formed. Mercuric oxide is 
slowly transforjued into mercuric chloride and oxide ; chlorine, oxygen, and possibly 
chlorine monoxide are evolved. Aq. soln. of the trkdiloridc give a precipitate 
of iodine with a little stannous chloride ; with more stannous chloride, some stannous 
iodide is formed. (.^onse(iuently, although chloroform extracts no iodine from the 
aq. soln., it will do so after the addition of stannous chloride. Sul]>hur dioxide and 
ferrous sulphate arc oxidized. 

Iodine trichloride resembles the monochloridc in forming a s(*ries of addition 
products; these can lie regarded as derivatives of the acid 1013. HCl, that is HICI4. 

K. Filhol made a scries of these salts of the type [OlaR'Ol- --where K stands for Cs, 
Kb, K, Na, Td, NII4, N(CJl3)4 — by leading chlorine into an aq. soln. of the iodide ; 
or by adding iodine to an a(j. soln. of the chloride. The salts cTystallize readily, 
without water of crystallization, excepting that the sodium salt lias two and tlie 
lithium salt four molecules of water of crystallization. A. W erner likens them to the 
salts of chloroauric acid : 



1 ’(Ml (ij Ij a lid <.* s . Chi onia u rat . 


R. F, W-einland and K. Scldegclmilch also obtained a. series of salts of the general 
formula 2K!l3.R(n2.8Jl20, mostly in needle-like crystals-- when R represents cobalt 
the crystals are dark orange-red; nickel, green; mangaiiese, orange-red; zinc, 
golden yellow ; beryllium, yellow ; magnesium, yellow ; and calcium or strontium, 
yellow. Salts with R — Ra, CM, (hi, Jig, Pb were not obtained. The salts are not very 
stable ; they deconqiose in a desiccator in a few days owing to the volatilization 
of iodine trichloride and water. They decompose rapidly when heated. In another 
series of salts of th(‘1ype 1(13.U(1.';?H2(), wlicre R repres(‘nts univalent K, NII4, 
Rl>, (As, Na, lii, and N((‘ir3)j, A. Werner says that “ since iodine can be extracted 
from the salts by cai’bon tetrachloride, tliesi! salts must be addition products of 
R(.-l and ICI3.’' The argument is not sound if it be intended to prove that these 
products arc molecular comj)ounds as distim t from conqioiinds of the fornuda 
R(lCl4), because it could be argued that they are tle.conqiosed by this solvent : 
R(I0l4)^I(A3 j-R(^'l. Several other polyhalides of this kind have been reported.-*^ 
P. Jaillard described a compound ; and R. W'eber, SCI4.ICI3. 0 . Ruff 
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and G. Fischer obtained golden yellow crystals of SCI 4 . 2 ICI 3 by leading chlorine 
into a cold soln. of the trichloride in sulphur ddoridc. The compound easily 

decomposes. . • j- 

E. Beckmann and P. Junker obtained the value 233 for the mol. wt. of iodine 
trichloride when dissolved in })ho 8 gene — the theoretical value for ICI 3 is ^3 4r. 
G. Oddo found the depression of the f.p. of soln. of the trichloride in phosphoryl 
oxvcliloride corresponded with a tnol. wt. 134*21 to 173*42 j the calculated value 
for the trichloride is ICI 3 , and hence the trichloride must be dissociated or ionized 
— G. Oddo thinks ionized ICl 3 ;F^lCl 2 +0r ; in water the mol. wt. 42*0 to 46*2 also 
represents decomposition. P. Walden found the electrical conductivity measure- 
ments of soln. of the trichloride in liejuid sulphur dioxide, arsenic trichloride, and 
sulphiiryl chloride corresponded with an ionization vrhich increased with increased 
dilution. The temp, coeff. of the conductivity is negative ; with sulphuryl chloride 
soln. a chemical change obscured the results. G. Oddo and E. Serra found the 
b.p. of carbon tetracliloride to be lowered, not raised, witli iodine trichloride as 
solute. Thi^ was attributed to tlic volatilization of the trichloride at the b.p. of 
^ the solvent. The mol. wt. calculated from the depression of the f.p. of soln. in 
glacial acetic acid approximated with increasing dilution to 120 , that is half the 
value refjjuircd for ICI3 ; this is attributed to the dissociation ICl 3 ^ICl-[-Cl 2 , and 
possibly also ionization. V. Schiitzenberger ^5 regarded the trichloride as a mole- 
cular compound of the mono- and penta-clilorides ICI.ICI 5 ; J. Philip]) 8 U})po 8 cd 
it to be a molecular compound of the monochloride and chlorine, ICl.(Jl 2 ; G. Oddo, 
as a salt similar in constitution to — Cl, and CeHs — 1“ '-CI 2 ; aud 

Tf, Stanley as a compound of univalent iodine with ter valent chlorine : 


Iodine and bromine. - 

said : 


-In his liLstoric memoir on bromine, A. J. Balard (1826) 26 


ap|>oars to bo capable of forming with bromine two different compounds. l\y 
taking iodino with a certain proportion of bromine, a solid is j>roduood which, whim heated, 
furnishos redd isli- brown vapoitrs, wliich condense into small fern-like crystals of the same 
colour. A further addition of bromine transfornis these crystals into a liquid compound 
which has the appearance of hydriodic acid. 

C. Lowig confirmed the observations of A. J. Balard, and assumed that the liquid 
rich in bromine corresponded with IBrg, and the one ])oor in bromine, with IBr. 
H. Lagermarck made a crystalline solid by mixing eq. amount of the two elements ; 
and W. Borncmann also made the same compound by adding a slight excess of 
bromine, and volatilized the excess of bromine by heating the product at in 

a stream of inert gas. The product when cold formed a hard crystalline mass, the 
colour of iodino, and whose composition corresponds with iodine monobiomide. 
IBr. J. B. Hannay also made the moiiobromide by the action of iodine mono- 
chloride on sulphur dibromido : 2101 -f-S 2 Br 2 =^' 2 IBr -|- 83012 • and L. von Ilosvay 
made it by the action of bromine vapour on alkyl iodides.” 

Iodine monobromide forms dark grey crystals resembling iodine and smelling 
of bromine. The physiological action of the. vajiour is similar to that of bromine. 
By slow sublimation at 50° it may be obtained in fern-like crystals 2 cm. long. 
According to P. C. E. M. Terwogt,27 tbo sp. gr. of the solid is TAlfi? (0°), 4-4135 (10°), 
3'7616 (42°), and 3-7343 (50°). When the sp. vol. or sp. gr. of mixtures of iodine 
and bromine at different temp, are plotted against the composition, the curves are 
continuous except where there is a change of state from solid to. liquid ; and the 
curvature is concave upwards from the concentration axis, showing that there is 
a contraction which may be due either to the formation of a compound or to some 
physical cause. The heat of formation, according to M. Berthelot, is iBoUd+Brilqnld 
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IBrftoUd+2*47 Cals., and with all the constituents solid, +2*34 Cals. According 
to K. Strecker, between 99 ‘7^ and 214*5^, the sp. ht. of the vapour is C,,-=:0*039, 
(>j,=0*029 ; and the ratio of the two 8[>, ht. varies from 1*325 to 1411 — mean 1*33. 
It is, however, doubtful if these results refer to anything but the dissociated vapour, 
i,e. to a mixture of the vapours of iodine and bromine. The m.p. of the monobromide 
is near 42"*", the lower values which have been reported are due to the presence of 
impurities ; the b.p. is near 116'^, although it volatilizes at a lower temp, than 
this. The Ihpiid rich in bromine formed by the action of bromine on the mono- 
bromide has been styled iodme tribromide, IBrs, and iodine pentabro7nid€, IBr 5 . 

Lowig mixed the liquid with a little water, and 
allowed it to stand in the cold ; the yellowish- o 
brown crystals which separatexi were said to be 
hydnUed iodine pentabromide. W. Bornemann so 
showed that in all probability these crystals are 
a mixture of ice and iodine bromide ; he also 
tried to prepare a higher bromide than IBr, but 
failed, the reddish-brown liquid- obtained by the 
action of bromine on the monobromide when cooled 
furnished crystals of the monobromide and an 
excess of bromine. 

In 1907, P. 0. E. M. Terwogt'^*^ investigated a ^ ^ 

the system iodine-bromine, and showed that the tomic ptr cen 

liquidu, ,„d f.,,. cur™., Kb. 27 of mixture, 

of iodine and bromine nearly coincide when the Bromine, 
ratio I : Br— 1 : 1, while with all other mixtures 

there is an unbroken series of mixed crystals, in the one case, A B, between iodine 
monobromide and an excess of bromine, and in the other case, BC, between iodine 
monobromide and an excess of iodine. The coincidence of the liquidus and solidus 
curves at the point B shows a high degree of probability that a single individual 
is present in the system. P. C. E, M. Terwogt also investigated the b.p. curves 
and obtained tw*o curves, one representing the percentage (atomic) composition of 
the liquid, and the other that of the vapour at the b.i). of the liquid. Some results 
are shown in Table XII. The general shape of the f.p. curves is that indicated in Fig. 

TABiiE XII. — Boiling Points oit Mixtures of Iodine and Bromine. 


Atomic per cent, of iodine. 


— — 



B.p. anil barometric press. 

Liquid. , 

Vapour. 


0 

0 

58-7° (771-2 mm.) 

20 

2-08 

72-7“ (759-3 ram.) 

4717 

8-25 

104-3“ (750-3 ram.) 

52 

2706 

126-0“ (750-0 mm.) 

()0 

42*90 1 

145-4“ (708-8 mm.) 

80 : 

50-32 1 

159-4“ (757-8 mm.) 

100 1 

JOO i 

187-6“ (771-7 mm.) 


27, but the curves do not approach one another so closely as in the case with iodine 
and chlorine corresponding with the fact that at the b.p., bromine monochloride is 
probably dissociated more than the corresponding iodine monochloride. This is 
in harmony with W. Bornemann’s observation that iodine monobromide cannot be 
distilled between 90'' and 100“ without some decomposition- the distillate indeed 
contains so much bromine in excess that it remains liquid. The accumulation of 
bromine in the vapour phase correspond with the greater volatility of that clement. 
The vap. press, at r)0 ;2“ and 92 '8° are as follows : 
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J. J. von Luar has shown how the form of the vaj). press, curves of a liquid 
mixture can furnish an Indication, not a pn^cisc (ompiitation, of the decree of dis- 
sociationof any compound wliich may lie formed, on the assumption that the dilferent 
kind of molecules in the liquid do, Ih’o, and IBr possess partial jiress. each of 
which is e(pialto1h<^ product of the vap. press, of a lijiven component in tliennniixed 
stall* ami its fractional molecular concentration in the liquid. It is assumed that 
in the liquid, tlu*rc is a balanced reaction | Bio, to wliich the law of mass 

action applies, where K is the. equilibrium constant, and ('[, (^o, and (> rospectivedy 
deno((* the c.oncentrat ion of the free iodine, free* bromine, and iodine bromide. 
From this, P. i\ E. j\I. dV‘r\vo<At infers tliat at b()*2' , K for the liijnid is ; and 
that for iodine monoluomide alxmt 20 percent, of the licpiid and about HO per cent, 
of the vapour is dissociated. That the vapour of iodim^ monobromidc is not quite 
dissoeiat(*d into its el<*ments is evident from its absorption spectrum, wliich shows 
some tine red oraiiji^e and yellow lines hi addition to those wliicli ehara(d(‘ri/(‘ iodine 
and bromine. In thin layers. 1 1n* colour of llu* va])()ur is taippor r(‘d. (). Bull' could 

not prove the formation of a compound l>y the measur(*ments of I he li^lit absor|>t ion 
of soln. of iodim* and hromine in carlion tetraeliIorid(\ 

iodine monobromidc has a s[)ecitic electrical condmdivity of dOTH 1(1 ^ 
reciprocal olims when li(juid at loti’, and wln*n soliil at Ithd", Tlio 

iodine colh*cts at tin* cathode, and the bromine at the anode wlien melt(‘d bromine 
monoiodhh* is cli'ct rolyzcd betwc(*n silver electrodes.**^’ Iodine immoluomide ilissolves 
in (dilorofonn, etln*r. and alcohol, formin<^ n‘ddishd)ro\vn soln. Accordinj^ to K. Solly, 
the ethereal soln. is eleetiically conductinjj;-, but not the soln. in sulpluir chloride, S 2 OI 2 , 
or carbon disul])hidc. Iodine monohromidc is liydrolyzi'd bv water, the liberated 
iodini* colonis the soln. lirown, and sonn* iodine may l)i* j»rccipitat(‘d. Indi;L»o soln. 
are decolorized ; and starch jiaste is coiuured reddish bn»wn. Accoidin;.,^ to 
P. Walden, tin* molecular coiiduetivily of soln. of the monoluomide in liquid fiul[diur 
dioxide, arsenic trichloride, and sulphuryl chloride increase's with dilution: the 
simultain'.ous soln. of bromine and iodine in these solvents raises the conductivity 
more tlian the a<lditive sum of the c*onstitueuts in tin*, sann* solv(*ni ; and the 
conductivity of a mixture 11 IBr is ejcater than that of 1 | 2Br, possibly because 
of the formation of iodine tribromide. The ('onducti\ ity dt'cr<*as('s w itli a rise of 
temp, and convers<*lv. 

Iodine nnmofiromide, like the other binary lialuLn*)) comjamnds, has tlie faculty 
of formin.^ i)olyhali(h‘s additively. They are* ohtained l>y the soln. of the halo^^eii 
halide in a cone. soln. of the alkali halide salts. Tlius. ]i. L. Wells and H. h, JVn- 
field prepared KBr.l Br, (V( T IBr. CsBr.l Rr, BbBr. 1 Br, et<*. Since. (VBr,d is 
more, stable than (VRrT 2 . follows that it is the mutual aihnity of the }ia]of»ens 
themselves, rather than the volatility of the eontaiTied hahy^eii, which deterndnes 
the stability. 
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CHAPTER XVlll 

THE COMPOUNDS OF THE HALOGENS WITH HYDROGEN 

§ 1. The Preparation o! Hydrogen Fluoride and Hydrofluoric Acid 

Hydrogen fluoride rarely occurs free in nature ; but its presence has been detected 
in the effluvia from vents in volcanic districts ; for example, R. V. Matteucci ^ 
found it in the gaseous products of the fumeroles of Vesuvius. Hydrogen fluoride 
is formed by the direct union of the elements ; and by the action of fluorine on 
water, ammonia, hydrocarbons, and many organic com|Sounds. It is also formed by 
the action of steam on some of the metal fluorides — load fluoride, silver fluoride, 
etc. — and by the action of some fluorides on water— e.q. iodine pentafluoride. The 
fluorides and fluosilicates are decomposed by 8 ulj)huric acid, with the evolution of 
hydrogen fluoride — the reaction is incomplete with hydrochloric acid in place of 
sulphuric acid. G. Gore used chromic fluoride and sulphuric acid ; R. Luboldt 
decomposed cryolite with the same acid. 

An aq. soln. of hydrofluoric acid is prepared in the laboratory by the process 
recommended by J. L. Gay Lussac and L. J. Thenard (1809 ), 2 in which fluorspar is 
heated witli sulphuric acid in lead or platinum vessels. The reaction is represented ; 
CaF 2 +H 2 S 04 — CaS 04 + 21 IF. The fluorspar should be as free from silica as y)08sible 
to prevent the formation of hydrofluosilicic acid: 61 IF+Si 02 = 2 H 20 +H 2 SiF 5 . 
Up to 80 per cent, of the theoretical yield can be obtained with sulphuric acid con- 
taining about 10 per cent, of water ; with a more cone, acid, the yield is less ; with 
sulphuric acid containing about 50 j)er cent, of sulphur irioxide, fluosulphuric acid, 
HFSOg, distils over ; and with sulphuric acid containing 60 per cent, of sulphur 
trioxide, almost pure fluosulphuric acid collects in the receiver. In any case, some 
calcium fluosulphonate, Ca(FS 03 ) 2 , is always found in the residue in the retort. 3 


On a manufacturing scale, an aq. soln. of hydrofluoric acitl is mado by gently heating 
the best quality t)f powdered fluorspar, free from silica, to about J30'' along with cone, 
sulphijric acid— containing 10 per cent, of water. Hie retort is a cast-iron pot with a cast- 
iron covei'. The rim of tho cover dips into an annular trough ; the joint is scaled with cone, 
suljihuric acid. The retorts are connected with a series of lead boxes as condenst'rs. 
'^rheso contain water or dil. hydrofluoric acid to absorb the gas from the retorts. Tlio 
condensers are subinergcid in water to keep them cool, and tho acid so obtained is col- 
lected in leaden bottles. 

Commercial hydrofluoric acid always contains sulphuric and hydrofluosilicic 
acids ; and generally iron ; arsenics; lead ; and sulphurous acid. Some hydrogen 
sulphide may be present if the fluorspar contained lead or iron sulphide. According 
to C. F. Stahl, ^ commercial samples, examined over a period of five years, contained 
from 33*5 to 54*2 per cent, of hydrofluoric acid ; 2*7 to 14*9 per cent, of hydrofluo- 
silicic acid ; and up to 1*9 per cent, of free sulphuric acid. The hydrofluosilicic 
acid can be almost all removed by the addition of a little aq. soln. of potash, and the 
rodist illation of the liquid decanted from the precipitated potassium fluosilicate. 
G. Gore removed the arsenic, lead, etc., by diluting the acid until it contained loss 
then 40 per cent. HP, and passed hydrogen sulphide through the liquid. The free 
hydrogen sulphide is then removed by the addition of silver carbonate or oxide, and 
the clear decanted liquid re-distilled- T. E. Thorpe and F. J. Hambly destroyed the 
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sulphurous acid by treating the acid with potassium permanganate before distilla- 
tion. H, Moissan purified hydrofluoric acid from silica by neutralizing one quarter 
of a given volume of hydrofluoric acid with an alcoholic soln. of potassium hydroxide, 
or better, potassium carbonate j)rcpared from the ])urified bicarbonate. The two 
portions were mixed, and distilled in a lead retort heated on an oil-bath at 120°, 
Potassium fluosilicate is not decomposed at this temp., and the acid collected was 
free from silica. 

According to K. Fremy's Recherdies sur les jluorures (1850), the acid furnished 
by the action of sulphuric acid on fluorspar always contains water, sulphuric acid, 
sulphurous acid, hydrofluosilicic acid, and other impurities. After many fruitless 
attempts to purify and dehydrate the crude material so obtained, he sought other 
means of preparation, and found that anhydrous liydrofluoric acid could be satis- 
factorily obtained by heating well-dried potassium hydrogen fluoride in a platinum 
retort attached to a platinum receiver which was cooled by immersion in a freezing 
mixture. The first portionsof the acid which distilled over contained a little moisture, 
H. Moissan thus describes the operation : 


to 


'I’Ik'. dry aoid hsiilt was ].>laccd as quickly as possible in a platinuiri retort pnwiously healed 
redness so as to free it contjdehjly from moisture. The salt was jirst lieated for about 



Fig. 1. — H. Moi8.san’s Apparatus for tho I.)istilla(ion of 
Hydrolluoric Acid. 


an hour to a moderate temp, so 
that only a slight d (‘Composition 
oc‘cnrred, the small (jiiantity of 
ac^id distilling over during this 
preliminary heating, whiesh con- 
taijted any trac(‘s of water ab- 
.sorbecl during the manipulation 
of tlu'/ salt, was allowed to escape, 
A jdatinum rtuunver was nc^xt 
iiit(3d t(j tho retort, which wa.s 
then more sirongly hoatod, hut 
only to a U'uip, sulhcii'iitly high 
to decompose tho salt slowly; 
tho receiver was cooled by a 
mixture of ice and salt as indi- 
cated in Fig. I. From tlu^ 
moment of cooling tho recta ver 
nil the hydroliuori(! aeiil was 


comiense.! to a limpi.J lir,ui<i, boili.iK at Hy.h-olluoric aoid'' thus obtaiiwa'soDie! 

tunes contains a small quantity of alkabiio Hiiori.le. carried over by the acid vnoours 
durinu: the decomposition of tho salt. If it is desired to obtain pun, hydrofluoric' acid 
five troin this salt, a arge platinum retort mu.st be used, and th<' acid vapours must bo 
led to tho condenser through a long platinum tulxi sloping njnvanls from (he retort, and kept 
above tho temp, at which the acid boils. ^ 


E. Fremy also obtained anhydrous hydrolluoric acid by decomposiiio lead or 
silver duonde in a platinum tube by means of j luri lied and dry bydro-^on 

Anhydrous hydrolluoiic acid is so hygroscopic t hat H . Moissan said that he found 
It could be kept in tho anhydrous condition only with t ho greatest di/licul(,y (lore 
and T. E. Thorpe and F. J.llambly recommended keeping anhydrous acid in i.latimim 
bottles with a ground platinum plate sealed with parallin wax, and held in place bv 
a clamp. This plan is too expensive for ordinary work, and eeresinc wax bottles are 
generally used, bor transport, the commercial acid is bottled and sealed in lead 
guttapercha, parafliu, or ceresine wax vessels. T’he acid attacks vulcanized caout- 
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1880 ; R. Hamilton, Chem, Nem, 00. 262, 1880 ; 0. Craig, t6., 60. 227, 1880 ; A. H. Allen, Analyst, 
21. 87, 1806 : B. Blount, tb., 21. 87, 1806 ; W. Hempel, Ber., 1434, 1885 ; A. Stromeyer, Liebig's 
Ann., 100. 96, 1866 ; H. Briegleb, ib.. 111. 380, 1869 j G. 8tao<llor, *., 87. 138, 1863 ; W. R. 
Dexter, .Awer. Journ. Science, (2), 42. 110, 1866 ; R. Bencilikt, Chem. Ztg., 16. 881, 1891 ; O. Gore, 
PhO. Trans., 169. 173, 1869 ; H. Moissan, Ann. Chim. Phys., (6), 24. 224, 1891. 

* G. €k)re, Phil. Trans., 159. 173, 1869 ; W. C. Heraeus, Zeil. angew. Chem., 8. 4.34, 1896 ; 
R. Benedikt, Chem. Ztg., 15. 881, 1891 ; J. L. C. Eckelt, ib., 16. 17, 1892 ; E. Milltz, ZeU. anal. 
Chem., 22. 664, 1883 ; C. F. Stahl, Journ. Amer. Chem. Soc., 18. 416, 1896 ; G. Stacdlcr, Liebig’s 
Ann., 67. 137,1853. 


§ 2. The Properties of Hydrogen Fluoride and Hydrofluoric Acid 

Experiments with hydrogen fluoride and cone, hydrofluoric acid are extremely 
dangerous owing to the volatility and extremely corrosive nature of the vapour. 
The vapour causes an intolerable pricking, burning sensation ; and if a drop of the 
cone, acid comes in contact with the skin it produces serious, painful, ulcerated 
sores. An incautious inhalation of the vapour may so affect the membrane of the 
throat, that a temporary loss of voice may be produced ; C. J. Knox (184.0) thus 
lost his voice permanently during his early experiments on the electrolysis of the 
acid. H. Davy is said to have abandoned his attempts to isolate fluorine because 
of the risks. It is said that P. Louyet (1850) and ^ ^ 

F, J. Nickles (1869) died from the effects of accidentally 
inhaling the vapour of the cone. acid. If a little acid ^ 
accidentally comes in contact with the skin, washing | 
the affected part immediately with water and then with ^ so 
dil. aq. ammonia is effective with th^ dil. acid. Very dil. | 
acid — up to say 5 per cent.— produces no ill effect by ^ 
temporary contact with the skin. With the more cone. Temperrnure 

acid — say 60 per cent. — the ammonia treatment does not 2.— Vapour Density of 

prevent inflammation, and C, F, Stahl recommends con- Hydrogen Fluoride.^ 
tinning the washing of the affected part for half an hour 

under flowing water when ‘‘ the bad effects will be prevented or at least materially 
reduced.” The washing should begin immediately after the acid has come in 
contact with the skin. 

Hydrogen fluoride is a colourless transparent gas which can be condensed to a 
colourless mobile liquid which fumes strongly in air. The vapour density of the 
gas ^ at 21*4° (H5J—2) is 5118 (or 1*773, air==l) ; and it diminishes rapidly as the 
temp, rises until, at 90", it is 20*58. This is illustrated by the graph, Fig. 2. The 
lower number corresponds with a mol. wt. HF. Hence, at 90", hydrogen fluoride con- 
tains two atoms, At lower temp, the molecule polymerizes to H«Fn. There is, 
however, nothing to show what the molecules are. They may he partly HF, partly 
H2F2, H3F3, etc. The facts only permit the statement that below 90" gaseous hydrogen 
fluoride is a mixture of molecules, H^F^., HnF„, . . , where the values of m, 71, . . . 
arc unknown. Other evidence to be discussed later leads to the assumption that 
there is a state of equilibrium, H2F2^2HF, at each temp. If so, the relative propor- 
tions of the two kinds of molecules can be calculated from the vapour density at a 
given temp. Similar results arc obtained by lowering the i)ress. and keeping the 
temp, constant at, say, 32". Judging by the boiling points of its family relations, 
which decrease with decreasing mol. wt,, HI, —35*5" ; HBr. —67*1" ; HCl, —83*4", 
the b.p. of hydrogen fluoride might be expected to fall below —83*4'’ ; as a matt<;r 
of fact, G. Oore*-^ found the liquid to boil at -4-19*4". This, said H. M. Vernon, probably 
means that tlie molecules of liquid hydrogen fluoride are more complex than is 
represented by the simple formula HF. The b.p. of the liquid, 19*4", is very near the 
prevailing temp, of the atm. in temperate climes. Its vap. press, at 15*5" is 394 mm. 
The specific gravity of the liquid at 13*6" is 0*9885 ; at 12*8", 0*9879 ; and 11*1", 
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0*9922. According to A. Guntz,3 its heat of vaporization is 7*2 Cals, per mol. of 
HP. if the molecule is polymerized to H 2 F 2 , as ap])ears probable from the vai)Our 
density determinations, the heat of vaporization will be 2 X 7*24=14*48 Cals. The 
quotient by Trouton’s rule is then 14480-r 292*4=49*5 — a value much higher than 
the normal. It is therefore assumed that much heat is spent in the work of depoly- 
merization : H2F2-^2HF. According to M. Bcrthelot and H. Moissaii,^ the heat 
of formation of this compound from its elements is Hgas+Fgaa— HEgas+38‘6 
Cals. ; or HgaH-Fgas=HFiiquid“r'45*8 Cals. The liquid solidifies if cooled to 
about — 102*5'', forming a white opaque solid wldch has a melting point ^ —92*3''. 
As indicated previously, liquid hydrogen fluoride is a non-COnductor of electricity.® 
Hydrofluoric acid like water is an associated liquid, and even the gas, as we shall 
soon see, is associated. It lias the power of uniting with fluorides. It also seems to 
be an ionizing solvent for a soln, of potassium fluoride in liquid hydrogen fluoride 
is an excellent conductor ; it also possesses marked solvent powers. According 
to E. C. Franklin,'^ the liquid readily dissolves potassium fluoride, cliloride, and 
sulphate ; sodium fluoride, bromide, nitrate, chlorate, and broniate ; acetamide ; 
and urea. The solvent action is not so marked with barium fluoride, cupric chloride, 
and silver cyanide ; while calcium and lead fluorides ; copper sulphate and nitrate ; 
ferric chloride, menuiric. oxide, and magnesium metal, arc virtually insoluble in this 
menstruum. Glass also is not affected by the liquid if moisture be absent. The liquid 
scarcely acts on most of the metals or non-metals at ordinary temp., though it docs 
act on the alkali metals at ordinary temp., much the same as does water, with the 
simultaneous production of flame. 


The properties of hydrofluoric acid. — Hydrogen fluoride is soluble in water 
between 0° and 19*4' in all proportions. The aq. soln. forms hydrofluoric acid ; 
the more cone, solutions fume strongly in air. The specific gravity of aq. soln. 
increases with increasing concentration of hydrogim fluoride up to a maximum 1*2G2 
with soln. containing 75'93 per cent, of IIF, and t hen decreases to unity as the con- 
centration increases. The numbers in fl^ible I are calmilated from tlioso of J. L. C. 
Eckelt,® and of L. G. Hill and A. F. Sirkar, 44ie table shows that the sp. gr. of 
a 63 per cent. soln. is 1*246 at (.F. Table II is duo to 0. Winteler. The contamina- 
tion of the soln. with liydrofluosilicic acid greatly increases the density. 


Table T.- SPbX'rcic Giiavitv of Aqueous Solutto-ns of HvoROFLuoruu Acid vviTu uf 

TO 09 PER CEKT. OF HP AT 0^. 
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A. A. Binejiu found that during the hoiliug of a cone. aq. soln. of hydrofluorie 
acid an excess of hydrogen fluoride e8ca])es until there remains a soln. with a constant 
b.p., 130 and a constant composition corresponding with about 36 per cent HP 
In an analogous way, if dil. soln. are distilled, the first fractions are particularly rich 
in water, this continues until there remains an acid with the same con.staut b temi, 
and the same constant comi-osition. Similarly, if tlm cone, or dil. acid is allowed to 
stand over slaked lime, the former becomes more dil. and tl.e latter more cone 
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until the same residue — about 36 per cent. HP ; b.p. 120“^ — is obtained. 
A. A. Biueau supposed that this constant remainder represented a definite hydrate 
HF. 2 H 2 O ; but H. E. Roscoc has shown that this is probably a mistaken inference, 
since the composition of the residue varies with the press. 


Tablk II.- — SpKciFio Ghavity of Aqukous Solutions of JIydrofluouic Acid with up 
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P. Loiiyet thought that the acid which he made by the action of sulphuric 
acid on fluorspar was a hy<Irate, hut there is no evidence of this. According to 
R. Metzner,!^ a 30 per cent. aq. soln. of hydrogen fluoride does not freeze at — 70"", 
but at about - -45°, the 43‘4 per cent. pure acid of coiiiinerce gradually deposits 
small opaline masses. If the 55 per cent, acid be slowly cooled to —45°, it forms 
small truncated prisms with a composition corresponding with monohydrated 
hydrogen fluoride^ IIP.II 2 O, and melting at - 35° ; the temp, of the melting mass 
remains constant until the cliange is complete. The crystals of the hydrate are said 
to fume in air, and to dissolve in cold cone, acid ; the sp. gr. of the crystals is given 
as 1 * 1 5. 1"}ie Jiionohydrate readily forms supersaturated soln. There is no evidence 

of a (li hydrate ; and it must be added that the monohydrate is not yet to be regarded 
as definitely established. A. A. Rineau's constant boiling mixture, when frozen, 
has no definite m.p., and apjicars to be a mixture of ice and the monohydrate. The 
f.]>. curve of the binary system HP — TRO lias not been worked out. E. G. Hill 
and A. P. Sirkar obtained two maxima in tJieir curve sliowing the molecular elect rical 
conductivity of soln. of diflerciit concentration- one at about 01 per cent. HP, and 
the other between 51 and 55 per cent. HP. If these maxima represent definite 
compounds, the former would correspond with H.F.OJUO, and the latter with 
HP.H.,0. 

G. Gore, in his early work, showed that the presence of hydrogen fluoride in water 
lowered its f.p. E. Paterno and A. Peratoner measured the depression of the 
f.p. of water by soln. containing from 0*057 to 2 H0 mol. per litre ; and W. Ostwald 
showed that the results coiTCsponded with the presence of rnolecul(‘S of HP, partially 
ionized, in the soln. 

The specific heats of aq. soln, of hydrofluoric acid is smaller the greater the 
concentration : with 5 per cent, of HP, 0*917 ; with 7*51 per cent, of HP, 0*925 ; 
13*2() per cent. IIP, 0*875 ; 20 per cent. HP, 0*840 ; and with 25*92 jier cent, of 
HP, 0*798. The sp. ht. of the soln. is greater than that of the other mineral acids 
of eq. concentration, ft has been suggested that this might be due to the absorption 
of heat during the ionization of the acid with rising temp. 

The heat of solution of gaseous hydrogen fluoride in an excess of water is 
HPgrtM I Aq.=^ll*8 Oals. ; and *56 Cals. ; the heat of dilution of 

HP+0-5 lIoO to 4a)H20 is 2*05 Cals. ; of HP- 1-16*71120, 0*72 Cal. ; of HF +2 25 H 2 O, 
0*55 Cal. ; of HP-f 6 5 IH 2 O, 0*1 Cal. ; and of HF+l^'03H*>O, almost zero. 
The heat of neutralization 14 ia NaOHa,i. -=16*272 Cals., with LiOHaq., 16*4 Cals., 
and with KOHaq., Ib l Cals. — these numbers are greater than those for the other 
three halogen acids, and about 4 per cent. Iiirger than the heat of neutralization for 
sulphuric acid. If the soln. 1)e exactly neutralized and a further quantity of hydro - 
fluoric acid be added, niucli heat is absorbed— approximately 0*288 Cal. When 
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hydrofluoric acts similarly on sodium chloride, O' 100 Cal. is evolved ; and with 
hydrochloric acid on sodium fluoride, 2*363 Cals, are absorbed. When one eq. oi 
hydrochloric acid acts on an eq, of sodium fluoride, about 0*96 eq. of the latter is 
decomposed ; while when one eq. of hydrofluoric acid acts on an eq. of sodium 
chloride, only 0*05 eq. of the latter is converted to the fluoride. Hence, argued 
J. Thomsen, the Avuliidt of hydrofluoric acid is but 5 or 6 per cent, of that of 
hydrochloric acid. This result was not expected because the avidity of the related 
acids — hydrochloric, hydrobromic, and hydriodic acids — increases as their 
decreases ; and hydrofluoric acid has the smaller avidity. This result is confirmed 
by E. Deussen’s work on the effect of these acids on the speed of inversion of 
cane sugar to invert sugar, and on the esterification of the alcohols. Hydrofluoric 
acid is about 17 times less active than hydrochloric acid j and it is rather less 
active than phosphoric acid. These results are also in agreement with the smaller 
electrical conductivity and small ionization constant of this acid. If v denotes the 
number of litres containing a mol. of HF, /io the electrical conductivity at 0^, and /X25 
that at 25"^, a, the degree of ionization, is equal to ; and the ionization constant 
K is equal to a^/( 1 —a) v. E. Dcussen’s results are : 

2 4 16 64 256 1024 

2()-42 2 : 1-57 36-60 61*55 105-S J73 

26-17 20-88 46*37 80*70 140*8 2.30 

0 067 0076 0 118 0*205 0*36 0*58 

0*00241 0-00156 0*000087 0000826 0*000701 0*000782 

A comparison of these values of a with those for the other haloid acids, will show how 
little this acid is ionized in aq. soln. For example, the ftiolecular electrical conduc- 
tivities for the four haloid acids, at 25°, are 



HF 

iici 

HHr 

HI 

1 . 

29*6 

366 

377 

376 

32 . 

. 59*5 

393 

398 

397 

1024 . 

. 224*0 


405 

404 


The ionization constants A^25— 0’(XX)65-f()*0(»(X)25(l-“a)/a ; and /iq= 0*0(X)90 
4-0 fXXX)7(l — a) /a. The acid is only half ionized even when but a mol. is present in 
a litre of soln. The inconstancy of K particularly with the more cone, soln. up to 
is noteworthy. The heat ol ionization at about 19° and a concentration of 
3*6 litres per mol. is nF==H*-hF'+2*37 Cals. 

P. Walden concludes that in dil, aq. soln. hydrofluoric acid is a feebly ionized 
monobasic acid, HF. G, Fellini and L. IVgoraro conclude from their conduc- 
tivity measurements that the n\olecules of hyiirogen fluoride or of the normal fluorides 
are not polymerized to H2F2-moIe(mlcs in aq. soln. ; but the conductivity of the 
acid with successive additions of sodium, potassium, or ammonium hydroxide shows 
a maximum when acid oq. to half a mol. of hydrofluoric acid has been added, and 
there is an abrupt change in the slope of the conductivity curve when an eq. of 
alkali bas been added. This behaviour is characteristic of dibasic acids ; hence it 
might be assumed that hydrofluoric acid is dibavsic H2F2. Again, with the reaction : 
Hg0+2HF^HgF2+H20 in aq. soln., the concentrations of the H2O and of the solid 
HgO may be regarded as constant. If C denotes the concentration of the HgFy, 
and Cl that of the HP assumed to exist in soln. as non-associated HF, the equili- 
brium conditions will be ('==kiCi^, where is constant ; while if the equilibrium con- 
dition be HgO+H2F2+H2^^ C.j, denotes the concentration of the hydrofluoric 
acid, assumed to be j)olymciized, H2F2, the equilibrium condition will be 
where ^2 constant. Tlie observations of A. J tiger agree better with the latter 
hypothesis than with the former. Hence, A. Jager concluded that the molecules 
of hydrofluoric acid are present in the form H2F2. R. Abegg drew a similar con- 
clusion from the action of hydrofluoric acid on boric acid . According to W. Ostwald's 
rule, the electrical conductivity of the sodium salts of monobasic acids rises about 
10 units on dilution from a concentration v—r^jN to and with dibasic 


V , , . 1 
/lo • • 18*94 
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acids about 20 units. Thus, the conductivity of the sodium salt at 25° is 104 0 for 

difference 104 — 93—11 is in harmony with the 
assumption that a monobasic acid is in question. R. Kremann and W. Decolle 
found that the rise of the conductivity of the sodium salt of hydrofluoric 
acid agrees with the assumption that this is^ a dibasic acid, H2P2- E. Deussen 
has attempted to reconcile the conflicting opinions by assuming that hydro- 
fluoric acid is neither an out-and-out mono- nor a di-basic acid, but rather 
occupies ehie Zwischenstellung, H. Pick (1912) suggests that the apparent anomaly 
is explained qualitatively and quantitatively by assuming that there is no appreci- 
able association of the molecules to H2P2» ionization constant K at 25° agrees 
with in dil. soln. when A=[H][F']/LHF]=0-00072. In the more 

cone. soln. where K varies very much with concentration, the HF molecules unite 
with the /'-ions forming a complex HF2', which has the equilibrium constant 
[HF2']/[H‘]LF']— 5‘5, corresponding with the balanced reaction HF | F'-=^HF2'. 
With these assumptions H. Pick has estimated the relative concentrations of the HF 
molecules andof the H‘ and HP2' ions of soln. of different concentration ; and he has 
shown that the calculated electrical conductivities then agree satisfactorily with 
the observed values. The results are graphed in Fig. 3 against the normality of 
the soln. 


The majority of the following qualitative results weje recorded by G. Gore,i® 
or by H. Moissan. Hydrofluoric acid attacks nearly all the metals— gold and plati- 
num metals resist attack ; copper and silver are slowly attacked ; iron and zinc are 
rapidly dissolved. A nuxture of hy- 
drofluoric and nitric acids dissolves — — 1 I I 

boron, silicon, columbium, tantalum, — ^ h 4r ~T7i JTi I — 

etc., but not gold, platinum, diamond, | ^ 

silicon carbide, etc. Silica is dissolved \ L — — ^ 

and converted partly into silicon ^ Wf^pns 

tetrafluoride, and ])artly into hydro- ^ T 

fluosiiicic acid, H2SiFe. Similar re- ^ ^ e;!? ^ ^6 os />o-nornkU 

marks apply to many of the silicates, ,, o t> ^ t 

i ^ -i 1 1 1 ^ 3 . — Proportions of the different Tons 

q.v. luost metal oxides are attacsked containing Fluorine in Solutions of different 
by the acid. Most of the oxides are Concentration, 
transformed into fluorides and in 
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Fig. 3. — Proportions of the different Tons 
containing Fluorine in Solutions of different 
Concentration. 


many cases dissolved. According to G. Gore, the higher oxides of cerium, iron, 
manganese, lead, silver, tin, and thallium, and the monoxides of cobalt, nickel, 
and tin, arc not attacked. Calcined alumina and corundum are not decomposed 
by cone, hydrofluoric acid. Phosphorus pentoxide reacts with hydrogen fluoride ; 
J. W. Mallet thought that phosphorus pentafluoride, PF5, was formed, but 
H. Moissan showed that phosphorus oxyfluoride, POF3, is the product of the 
reaction. In consequence, phosphorus pentoxide cannot be used for drying the 
gas. Sulphurous, vanadic, arsenious, and molybdic oxides are rapidly decomposed. 
The action of hydrofluoric acid on various oxides has been studied by W. K. van 
Haagen and B. F. Smith.^^ They passed tlie vapours of hydrofluoric acid over the 
certain oxides heated iii a platinum boat, and found alumina at a high temp, is 
converted into fluoride ; cerium, yttrium and lanthanum oxides at a red heat form a 
non-volatile fluoride or oxyfluoride ; zirconia and zirconium minerals, titanium, tan- 
talum and columbium oxides and the minerals at a red heat form volatile fluorides ; 


thorium dioxide was slightly attacked ; potassium dichromate lost nearly all its 
chromium, sodium tungstate lost only part of its tungsten ; sodium phosphate 
lost all its ])hosphorus ; and cassiterite was only slightly attacked. A. Jager has 
studied the action of hydrofluoric acid on mercuric, cupric, and lead oxides ; 
E. Deussen measured the solubility of iron, cupric, and lead oxides in this acid, 
and also the solubility of iron scale in aq. hydrofluoric acid ; and E. R. Zalinsky 
has studied the solubility of the iron ores — magnetite, ilmenite, haematite, iron 
pyrites, and chromite in this acid. The iodides, bromides, and chlorides of the 
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alkali and alkali earth irietals arc decomposed with the liberation of iodine, bro- 
mine, or chlorine as the case might be. The iodides of zinc, cadmium, lead, mercury, 
silver and platinum, and cuprous, arsenious, and antimonous iodides arc not 
decomposed ; and the bromides of zinc and cadmium are only slightly attacked. 
Titanic, phosphorous, and antimonous chlorides are decomi)Osed. The chlorides 
of chromium, cadmium, manganese, nickel, cobalt, lead, copper, mercury, and silver 
are not decomposed. The liquid clilorides of carbon, phosphorus, sulphur, arsenic 
and gold, and chromyl chloride do not mix with the acid. The lluosilicates, lluoti- 
tanates, and fluoborates of the alkali inetals are decomposed. 

11. F. Weinland and 0. Laiienstcin found that })eriodic acid, potassium chlorate, 
bromate, and permanganate crystallize unchanged from a 40 per cent, of the 
acid. According to G. Gore, moist crystals of potassium permanganate give a green 
liquid. The iodates of the alkaline earths and of nickel give the corresponding 
fluorides, and the alkali iodates furnish fluo-oxy iodates, MTO 2 F 2 . Tlie nitrates of 
the alkalies, alkaline earths, lead, and uranyl are decomposed ; silver nitrate does not 
appear to be attacked. Calcium phosphide is decomposed, copper phosphide not 
so. Ammonium, calcium, uranium, and copper are wliolly or partially dissolved. 
The carbonates, sulphates, and borates are decomposed. The sulphides of 
the alkalies and alkaline earths arc decomposed ; while the sulpliides of arsenic, 
antimony, molybdenum, zinc, cadmium, tin, iron, lead, copper, mercury, and 
palladium are not attacked. ('Obalt sulphate is not attacked, while the sul- 
phates of the alkalies and alkaline earths are attacked and dissolved. Alkali tung- 
states, ammonium arsenite and arsenate, cop])er arsenite, ammonium niagnesiiim 
arsenate, ammonium moljdxlate and vanadate, potassium cyanide and ferrocyanide 
are decomposed. I^irallin is not attacked; shellac, gum arabic, gum tragacanth, 
copal, etc., are decomposed. (Jelluloid is slowly at tacked. Silk paper, gun cotton, 
gelatin, parchment are dissolved. M. Meslans has studied the esterification of 
alcohol by hydrofluoric acid. 

The composition and molecular weight oi hydrogen fluoride.-- G. Gore 23 
measured the volume of hydrogen required to form liydrogen fluoride when heated 
with silver fluoride. He found that KX) volumes of hydrogen furiiislied nearly 200 
volumes of hydrogen fluoride. I'he deviations from tlie ideal volume relations just 
indicated were attributed by G. Gore to the ‘‘ partial condensation of the hydro- 
fluoric acid to the liquid state,’’ Representing tlie react ion : H. I -:iAf>K.-2nr I'aAg, 
ho accordingly inferred that hydrogen Huoridc contains half its own volun\e of 
hydrogen, and half its own volume of fhjoriiK*. Tlic fornnilu is therefore 
The vapour density at 10<)“ oorresponds with the molecule JIF ; the vapour density 
at lower temp, than 80° shows that the molecule polymerizes. U. (lore’s results 
were confirmed by H. Moissan, who measured the relative anuMints of iluorine and 
oxygen liberated during the electroljsis of hydrofluoric mud. The volume of the 
hydrogen was measured directly the fluoride gas was passe<l ink) water, and the 
corresponding volume of oxygen : 2HoO+2F.2r .4HF 4 AJ 2 , was measured. On the 
assumption that two volumes of fluorine liberated one volume of oxygen, the calcu- 
lated and observed results agreed very well with the assumption that hydrogen 
fluoride is formed by the union of equal volumes of the two gases. 11. Moissan also 
allowed a measured volume of fluorine to act on water; he measured the volume of 
oxygen produced, and determined the hydrofluoric acid by titration. Here again 
the results confirmed the conclusion of (I. Gore that two volumes of hydrogen fluoride 
are produced by the union of one volume of hydrogen and one of fluorine. For 
example, 12-5 c.c. of fluorine furnished flAU e.c. of oxygen, and 24-4S) c.c. of hydrogen 
fluoride ; the calculated values were 0-25 c.c. of o.xygen, and 2rr(X) c.c. of hydrogen 
fluoride. As already indicated, the peculiar properties of hydrogen fluoride and of 
the acid agree with the assumjition tliat under certain conditions the molecule is 
HF, and under other conditions H^Fg. 

The use of hydrofluoric acid aud the fluorides.— Hydrofluoric acid attacks 
quartz and siliceous substances, glass, etc., forming silicon fluoride ; Si 02 -|- 4 HF 
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=SiF4+2H20, and it is accordingly used in the analysis of silicates. When most 
silicates are repeatedly evaporated with hydrofluoric and sulphuric acids, all the 
silica is v.olatilized as silicon fluoride, etc., and the residue of sulphates can be 
examined by the standard methods. The use of hydrofluoric acid in certain analytical 
separations has been discussed by A. A. Noyes, L. W. McCay, N. H. Furman, etc.24 

One of the most important properties of hydrofluoric acid is for etching glass and 
porcelain. Glass may be etched with the gas or with an aq. soln. of the gas. In the 
former case, the etching appears o})aque and dull ; in the latter case, shining and 
transparent. For etching, tlie glass is covered with a film of wax, and the design 
to be etched on the glass is drawn on the surface with a stylus ; or else the parts of 
the glass not to be etched are coated with a resistant varnish. The surface is exposed 
to the action of the acid or gas, and very soon the glass is etched. The wax or 
varnish is then washed off with turpentine. The corrosive action of the hydrogen 
fluoride is due to the ready decomposition of the glass in contact with hydrogen 
fluoride. The silica forms silicon fluoride. The process is used for marking the 
scales on glass instruments, etc. A soln. of 32 per cent, ammonium fluoride in 20 
per cent, hydrofluoric acid is known in commerce as whilv acid ; it is used for frosting 
electric bulbs, etc. 

The use of hydrofluoric acid has been recommended in the filling of silk, and for 
the cleaning many articles from siliceous materials — the grime from buildings and 
monuments in industrial towns, etc. It has been recommended for pickling iron and 
brass castings so as to free them from sand.-^ It has been suggested for the purifica- 
tion of graphite ; but it proved too expensive an agent for removing silica and silicates 
from anthracite for making electrical carbons. J. Efiront*^^ recommends the use 
of very dil. soln. of the acid in preparing alcoholic liquids from cereals to retard the 
development of certain injurious bacteria ; ammonium fluoride is used in the steri- 
lization of tlie vessels and rubber hose in the fermentation industries. It has been 
suggested as a means of removing alkalies from the juice of sugar beets. It is used 
in preparing hydrofluosilicic acid. Antiniony acid fluoride is used in dyeing. The 
fluosilicates are used in hardening artifleial plasters. Hydrofluoric acid or a fluoride 
is used in the coagulation of rubber latex.-^ The former is added to the electrolyte 
in one process for the preparation of antimony, and it has also been employed 
in the electrolytic oxidation process — c.g. electrolytic preparation of chlorates and 
persulphates. A dil. soln. of the acid has also been recommended for opening 
petroleum and natural gas borings where the free passage has been blocked. 

Detection and determination ot the fluorides,— The metal fluorides are 
decomposed by treatment with cone, sul])huric acid, and the reaction is attended by 
the evolution of hydrofiuoric acid which etches glass, furnislies the so-called etching 
lest for fluorides. The substance under examination is warmed with sulphuric 
acid in a leaden vessel covered with a watch-glass. The watch-glass is coated with 
w^ax, and a design ►p is scratciied with a pin or knife, so as to expose the glass to the 
action of the acid. The wax is afterw^ards removed, and if the design is etched on the 
glass, it is inferred that fluorides were present. The test will indicate the presence 
of 0*0003 grm. of calcium fluoride. Many silicates contain combined fluorine in a 
form which docs not give hydrofluoric acid by treatment with hot sulphuric acid — c.g, 
topaz, tourmaline, etc. The fluorine in these mineralvs must he transformed into 
calcium fluoride before the test is applied. 'J’o do this, the pow^dered mineral is 
fused with about eight times its weight of wsodiuiu carl)t>nate. The cold cake is 
extracted with water. An excess of ammonium carbonate is added, and the pre- 
cipitate filtered off — preferably after the mixture stood overnight. The soln. is 
evaporated to a small volume and neutralized wnth hydrocliloric acid using phenoJ- 
phthalein as indicator ; when boiled, the phenolphthalein colour may reappear. Tlie 
process is repeated until this is not tJie case. Calcium fluoride is added and the 
soln. boiled. A mixture of calcium chloride ajid carbonate is precipitated. This 
is washed, dried, and ignited in a platinuiu dish. The residue is treated with dil. 
acetic acid ; evaporated to dryness ; leached with water ; and the undissolved 
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calcium fluoride is collected on a filter paper, and washed. The filter j^aper is burnt 
from the dried precipitate, and the residue is ready for the test. A similar procedure 
is adopted in determining the fluorine in minerals, since the calcium fluoride can 
be weighed and the corresponding amount of fluorine calculated. 

Silver nitrate gives no precipitate with soln. of soluble fluorides ; both calcium 
and barium chlorides give precipitates in alkaline soln. The precipitation may not 
occur if a large proportion of an ammonium salt is present. The precipitates are 
sparingly soluble in niineral acids and in acetic acid, Ferric chloride gives a white 
precipitate of a complex fluoride analogous in composition to cryolite. Fluorine 
in soln. as alkali fluoride is readily precij)itated as thorium fluoride, ThF4.H20, in 
the cold, by adding thorium nitrate to the soln. sliglitly acidified with nitric or acetic 
acid. An excess of thorium nitrate should be avoided since it is slightly soluble 
therein. The washed precipitate can be dried, ignited, and weighed as thorium 
oxide, and the amount of fluorine calciilated.^o If the powdered fluoride be mixed 
with an excess of sand, and heated in a test-tube with sulphuric acid, silicon fluoride, 
SiF^, is forjned. If a drop of water at the end of a glass rod be held in the upper 
part of the test-tube, a white film of silicic acid will be formed over the surface 
of the water owing to the decomposition of the silicon fluoride by the water : 
3SiF4+3H20=H2Si03+21l2SiF6. There is also a method of measuring the amount 
of silicon fluoride in a gas burette, and calculating the corresponding amount of 
fluorine. The free acid can be titrated with alkali using phenolphthalei'n, rosalic 
acid, or methyl orange as indicator. 
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§ 3. The Fluorides 

The fluorides are prepared by the action of hydrofluoric acid upon the metals, 
metal oxides, hydroxides, carbonates, etc. Fluorine gas also acts on a great many 
elements and their compounds producing fluorides ; but fluorine is not a convenient 
reagent in the laboratory or works. In some cases, the fluorides can be obtained by 
the ac'.tion of the liquid hydrogen fluoride on the proper chloride, and the product 
fractionally distilled — the fluorides of tin, titanium, and antimony.^ If hydrogen 
fluoride be passed over heated oxide of aluminium, lanthanum, zirconium, tantalum, 
niobium, or cerium, the corresponding fluoride is formed as condensable va])our.- 
Arsenic pentafluoride forms arsenic and the metal fluoride when passed over the 
heated metals — copper, zinc, iron, bismuth, lead, mercury. ^ The fluosilicates or 

fluoborates also convert some metal oxides with or without carbon — into the 

fluorides.'^ Some fluorides are formed by double decomposition, but this is not 
usual since double salts are generally produced. Arsenic or antimony fluoride ^ 
converts tungsten chloride, WCle, into the corres])onding tungsten fluoride ; 
WCle+2AsF3=2AsCls+\VF0. Silver fluoride converts phosphoric, phosphorous, 
phosphoryl, silicon, or boron chloride into the corresponding fluoride and silver 
chloride.® Ammonium fluoride — solid or in soln. — converts many metal salts in 
soln. into the corresponding fluorides.^ 

The fluorides of the non-metallic elements are usually gaseous at ordinary temp. — 
e.g. the fluorides of phosphorus, arsenic, silicon, and boron, and carbon tetrafluoride. 
Those which are solid melt easily, and closely resemble the corresponding chlorides, 
bromides, and iodides. The metal fluorides often volatile without decom])Osition. 
The fluorides of the alkali metals, silver, tin, and antimony, are soluble in water ; 
the fluorides of the metals of the alkaline earths are sparingly soluble. Silver 
fluoride dissolves in about half its weight of water, and in this respect it differs in a 
remarkable way from the silver salts of the other three halogens. The very sparing 
solubility of calcium fluoride is aLso in marked contrast with the behaviour of the 
corresponding salts of the other halogens. Soln. of the alkali fluorides on evaporation 
lose acid, and acquire an alkaline reaction ; and some of the hydrated fluorides 
when heated give off part of their water, and the other part is given off along with 
some hydrogen fluQ^ido. The fluorides are generally very stable and are not decom- 
posed when heated alone or admixed with carbon. Silver fluoride, says E. Frem}% is 
not decomposed by heat, and mercuric fluoride volatilizes unchanged. The fluorides 
of the heavy metals are usually decomposed when heated with hydrogen, but not 
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fluorspar. Oxygen docs not act on silver fluoride either at 15 “^ or at 6 (X)^ ; fluorspar 
is partly decomposed at a high temp, in a stream of oxygen. Lead fluoride can be 
subliined unchanged in oxygen. Many fluorides are decomposed if heated in a 
current of steam fluorspar, cryolite, silv^er fluoride, lead fluoride, etc. Cone, 
nitric or sulphuric acid dccomjmses most of the fluorides forming hydrofluoric acid, 
and the resf)ectivc nitrates or sulphates ; hydrogen chloride also decomposes most of 
the fluorides, wholly or partially, when they are heated in a stream of the gas ; 
according to H. St. C. Deville,^ tlie fluorides of zirconium, chromium, and aluminium 
resist this treatment. Fluorspar is decomposed when heated in a stream of carbon 
disulphide, forming calcium sulpliide. Many fluorides are decomj)osed by fused 
microcosmic salt : (-ar2-f NaP03‘f'H20--NaCalM34d-2HF ; when heated with 
silica: 4 rAgF-hSi 02 — lAg+02+SiF4 ; and when fused with silica and sodium 
carbonate ; with alkali bisulphates ; or with boric acid or the borates. 

Acid fluorides. — J. J. Berzelius, and later E. Fr(uny ^ in his Recherches mr les 
Jluorures { 185 ()), showed that tlic fluorides have a great tendency to form readily 
crystallizable compounds with hydrofluoric acid — the so-called acid fluorides. 
H. Moissan, and E. Eggeling and J. Meyer, for example, have prepared the acid 
fluorides of potassium, rubidium, and caesium of the type MF.HF, MF. 2 I 1 F, 
and MF. 3 HF ; and E. Bdhm made a series of acid fluorides of mcnniry, copper, 
nickel, and cobalt with combined water e.;/. N'iF 2 .GH 20 .r>HI''. The liea'vy metals 
form acid fluorides resomhlihg those of the alkali metals and ammonium. Thus, 
freshly precipitated mercuric oxide diasolvi's in cone, hydrofluoric acid, and the soln. 
evaporated over sulphuric acid, in vacuo, gives inonoclinic crystals which have a 
composition corresponding with mercurous acid fluoride, HgF.2HF.2H2() ; copper, 
cobalt, and nickel oxides or carbonates treated in a similar way furnish the corre- 
sponding acid fluorides, RF2.r>llF.wJl2(). When the nickel or cojiper salt is treated 
with ammonia the salts. (iuFalNlfal^bKzO and r.NiF2(NH;,)6bll20, are formed; 
while the mercury salt gives mercuric amidofiuoride. NH2-ilg— F, and the cohalt 
salt gives Cohy 2 NH 4 C 1 . 2 H 20 . Dill uorotel ram minocobaltic chloride, Co(NH3)4F2Cl, 
and hexamminocohaltic fluoride, C'OlNlLdgFg, liavo been made l>y tlie action of 
Jiydrofluoric acid upon tctramminodicarbonatocobaltic chloride, and luteocobaltic 
chloride respectively. 

Double or complex fluorides.— The fluorides also unite among themselves to 
form complex or double fluorides, and thus are formed the lluoborates, KF.BFg, 
orKBF4; Huosilicates, 2KF.SiF4, or KoSiFe ; the fluoalurninates, flNaF.AlF.,-^ 
of which the mineral cryolite is the typical example; fluocuprates, 2 KF.{'nFo, 
or K3CUF4 ; and mimerous others. F. Bartec/.ko lo has compiled the. following 
list of the.se salts which were known up to IDOO ; the symbols in brackets represent 
compounds which are known only in combiualion with hydrogen fluoride, fl'he list 

r * m are prepared. It'does not follow that this 

list wiU he curtailed with increasing knowledge since many iiroducts formerly thought 
to he chemical individuals arc now considered to be mixtures or solid soln. 



Uuivalf'ut elements. 


fKFaJVl] 


Rb 
[JlbFgM] 


[KF3M,] [BbF3M:.J 
[RbF,]M;] 


Cs 


Ar 






TJ 

[TlFjM.] 


Bivalent olomcnts. 


Ca 

[CaF^MJ 

Mk 

Afgt’aM 

Be 

BoFaM 

BeF^M, 

Zu 

ZuF.Mj 

Cd 

CdFaM 

Cii 

CUF4M2 

CUF7M5 

Fe 

FoTi'aM 

FeF,M, 

Co 

CoFaM 

CoF^M* 

CoF^M^ 

NiFgM 

NiFyMj 

Hi) 

Hn F4M a 

Sn^FgH 
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'J‘'orvalont elements. 


B 

Sb 

m 

A 1 

Dl 

L.a 

HF^M 

SbF^M 

. — . 

AIF4M 

IJiF^M 

- - 

BF.M, 

SbFjMa 

. — . 


— 


- * 

ShF^Ms 

[BiF.M,] 

AlFeMs 


— 


Sb^F^M 


AIF^M* 

DiaF^M 

..... 


Sb.,FioM 

— 

AlaF^M 

J>i 4 F, 5 ^t 8 

La^FoMj 

— 

Sb.F^^M 

— 

AlgFsMa 


, .. 

-- 

Sb^Far^M 

i 


— 

— 



— 

Al3F 14M5 

- * 

- ' 

Fe 

Cr 

Mti 

TT 

v 

Ti 

FeF^M 


MnF^M 


VF,M 

— 

KoF^Ma 

CrFfiMa 

MnFjMa 


VF,M3 

TiFgMa 

FeF«M3 

OrF.M, 



VKeMa 

TiF^Mg 

Fe^F 0-^8 

FrjFjMa 

— 



— 



Quadrivalent clornenls. 



To 

SI 

Ge 

Sn 

Ti 

Zr 

TcF^M 

— 

— 



ZrFgAf 

— 

SiFeM2 


SnFoM, 

TiFeMa 

ZrF^AIa 

— 

SiF^Ma 



TiF^M, 

Z1K.M3 

- 




^liF«M 4 

ZrF,M 4 



- 



Zr.F^AT 


SiaF^.M, 




Zr^F^^M, 

. „ 


— 



— 


-- 

— 


— 

— 

Zr^F.^Al 

Co 

Mu 

Pb 

Th 

U 



— 


ThFgM 

lJh\M 


— 


— 

ThVnM^ 

UFeM^ 


— 

— 

PbFsMj 

. , 



e,Fh,M., 

— 


-- 




Q uinqnevaleiit eluinonts. 




Aa 

Sb 

Nb 

Ta 



.. - 

SbFeM 

— 

TaF«M 



AsF^Mg 

SbF^Mg 

Kbl^Ma 

TaF^Ma 




— 


TaFgAfg 




— 

NbFioMj 

— 




— 

MbFjaMy 

*1 aF 20^15 



In 18G9, C. W. Blonistrand attem])ted to explain the molecular structure of these 
compounds hy assuming tlie halogen to be bivalent. This would make potassium 
a<;id fluoride K — F - ¥ — H, It is considered more probable that fluorine is uni-, 
ter-, quadri-, or septa-valent, in harmony with the (jorresponding variable valency 
of the otlicr halogens. This would make the graphic formula of potassium acid 
fluoride, cryolite, etc. : 




Hg 


^F -M 
^F-M 


1<’-K 


y. F F-K 
K -K 


^,F=F-Na 


AC F=F-Ntt 
F-F-Na 


A. Werner, in his Nrucre A^ischmiungen auf dem Gebiete der anorganisclun Chemie 
(Braunschweig, G8, 1905),^- assumed that in the double halides, the halogen atoms 
arc united to the central atom so that the group acts as an acid anhydride. The 
compounds above symbolized then become : 


LF.K.FIH [F.Hg;J]M 




N a -3 


where M stands for a univalent radicle. Accordingly, the halogen atoms act as 
intermediate or connecting links beWeen two elementary atoms. There are also 
some mixed halogen salts in which fluorine is replaced by one or other of the three 
halogens. 

Oxy- and hydroxy-fluorides. —In still another group of fluorides part of the 
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fluorine may be replaced by oxygen to form a group of compo^ds called oxyjhio- 
rides ; in some cases, too, hydroxyl groups may replace the fluorine to form hydfoxy- 
fiuofides. In the topazes, fluorine and hydroxyl appear to be isomo^hous, for the 
relative proportions of the two radicles — F and OH—vary ; in minerals poorest 
in fluorine the ratio. F : OH is nearly as 3 : 1. Although several formula) have been 
suggested for a typical topaz- -c.£i. 


AlHSiO*^., 

AlE^SiO*-^^* 


-Si 04 ^(AlF ,)3 


F-Al<p>Si<®>Al- 


F 0==Si<^>Al-Al<J 


it is supposed that one or more fluorine atoms per molecule can be replaced by 
hydroxyl, OH. 

The oxyfluorides also unite with other fluorides to form double or complex oxy- 
fluorides. P. Barteezko appended to his list of double fluorides the following 
table of the principal types of the double oxyfluorides : 


BiO^ 

(BiOlFgMa 


MnO“ 

(MnO)F4M2 


vo'* 

(VOlFiMg 

(VOlFeMs 

(VOlgFiaM* 

(VOlgF^Mg 

(VO^FijMy 


TJO,“ 

(TiOglF^Ma 

(TiOglFgMa 

(TiOalFeMg 

(TiOalFyMg 


AsO«» 

(AsO)F’4M 


Quinquevnlent clernonts. 

MoO™ V 0 *“ VOJ 

(MoOlFgMa (VOlFgMa (VOalFgMa 

(MoO)3Fi4M^j (VOlaFoMa (V02)F4M3 

{VOa)F5M4 


NbO“‘ 

(NbO)F4M 

(NbOlFgHa 

(NbOlFcMs 

(NbO)F7M4 

(NbO)3Fi3M4 

(NbO)3Fj4M6 


NbO* 

(NbOalaFgMa 


TaO’" 

(TaOlFeMg 

('l'aO)F7M4 


MoO«** 

(MoOalFgM 

(Mo02)F4M.3 

(MoOglFgMg 

(MoO.,)FiiMb 


Soxivalent olcinents. 

WOa“ 

(WOalFgM 

(W02)F4M3 

(WOglFgMg 


UOa" 

(UOglFgM 

(U0„)F4M., 

(UO^IFbM; 

(UOglFgM^ 

(UOalaFyMg 

(U02)2Fj,M.r. 

(UOaloFioMg 


W. Werner drew attention to the fact that the elements which show a tendency 
to form oxyfluorides occupy neighbouring positions in the ])eriodic table of 
D. 1. Mcndelceff, viz. 

Ti V Cr 

Zr Nb Mo 

Ta W 


to these elements can bo added uranium, iodine, and boron. The two latter do 
not appear in P. Barteezko’s list. There is the potassium oxyfluoborate, B20g(FK 
of H. Schiff and R. Sestini (1884) ; and the alkali and ammonium oxyfluoiodates, 
O 2 IF 2 M 2 , where M represents Na, K, Rb, Cs. or NH4— prepared by R. P. Welnland 
and 0. Lauenstein (1897) . A. W erner’s OgCrFaM, is also omitted from P. Barteezko 's 
list. 
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§ 4. Equilibrium, and the Kinetic Theory of Chemical Action 

. . . Tho streaming atoms 
Fly on to clash together again, and make 
Another and another state of things 
For ever . . . 

Rejkctki) Addresses. 

All the halogens unite with hydrogen forming compounds of the type HX, 
where X represents an atom of tho halogen. With fluorine the reaction proceeds 
explosively in the dark, even at as low a temp, as —252*5'^. At ordinary temp, 
chlorine and hydrogen unite in light, not in darkness, and the union occurs with 
explosive violence if a mixture of the two gases be sparked, or lighted with a taper. 
These same two gases also unite in the presence of platinum foil, platinum black, 
or charcoal. 1 When a mixture of equal parts of iodine or bromine and hydrogen 
gases is passed through a red-hot tube, or, better, over finely divided platinum, or 
platinized asbestos, or charcoal, some hydrogen iodide, HI, or hydrogen bromide, 
HBr, is formed as the case might be. If hydrogen iodide gas be treated in a similar 
way, some iodine and hydrogen are produced. In each case, if the temp, of the 
tube bo 440°, we have approximately 80 per cent, of hydrogen iodide, and 20 per 
cent, of a mixture of equal volumes of iodine and hydrogen. The only apparent 
effect of the catalytic agent —])Iatinizod a.sbestos, etc.— -is to accelerate the reaction, 
and if these agents be absent, the time re(|uirod to make 80 x)cr cent, of hydrogen 
iodide from the mixture of liydrogen and iodine is much longer. Once this pro- 
portion of hydrogen iodide has been formed, the composition of the exit gases remains 
unchanged, however long the mixture may be heated at 440°, with or without the 
catalytic agents. 

Bimolecular reaction. — In the bimolecular reaction A-f B^M+N, let and 
Cji respectively denote the concentrations of the substances A and B, expressed 
in mol. per litre. Similarly, let Ca and Off respectively denote the concentrations 
of M and N. It has previously been shown that the speed of the reaction is equal 
to the product of the aflinity or the driving force of the reaction, k, and the con- 
centrations of the reacting substances, that is, the velocity of the reaction A+B is 
equal to kCjjChi- H A and B are the same, so that 2 A;f^M- 1-N, the speed of the 
-> reaction at any instant will be represented by kC/,^. When hydrogen iodide 
dissociates : 2HI^H24-l2- The speed of the reaction at any instant will be 
represented by ; and the speed of the <- reaction by k'CiCw When equilibrium 
occurs, the speeds of these two reactions are the same, and therefore the condition 
of equiUbrium is kC„,^=^k'CnC\, or K==klk'=:^^CnCilCm^. At 440°, when the system 
is in equilibrium, nearly 20 per cent, of the hydrogen iodide will have dissociated. 
Hence, at 440° (80 per cent.) 2HI;r=iH2 +12(20 per cent.). This means that if 100 
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mol. of hydrogen iodide be heated to 440*^, in a closed vessel, twenty will have dis- 
sociated when the system is in equilibrium. Hence CVi— 64(X) ; and 
Ci==Ch=- 10. Hence, ; or Cni2=-64C„Ci. This means that at 440^ when 

the concentration of the hydrogen and iodine is unity, these gases will combine 64 
times as fast as hydrogen iodide of unit concentration will dissociate. It will be 
observed that eacih of the direct and reverse reactions is a biiuolecular rcftCtion 
because two molecules are involved in each operation. M. Bodenstein*^ found the 
decomposition of hydrogen iodide by heat proceeds as a bimolecjular reaction : 
2 HI^H 2 +l 2 ; ^nd in light, as a unimolecular reaction : I1I^H+I> so that the 
mechanism of the two reactions is different. 

The kinetic theory of chemical action,- The kinetic theory gives an interest- 
ing view of chemical action. Imagine a vessel fdled with a mixture of equal volumes 
of iodine and hydrogen gases. The molecules of hydrogen and iodine must be 
continually crashing together. A certain proporium of these collisions will be 
chemically fruitful and result in chemical change. In the earlier stages of the 
reaction, the number of collisions per second between the hydrogen and iodine 
molecules will be relatively great, but later, as the hydrogen iodide accumulates, 
the number of collisions between the hydrogen and iodine molecules will become 
fewer and fewer, and accordingly, the speed of formation of hydrogen iodide will 
become less and less. The law of mass action can be deduced from the kinetic 
theory of gases as shown by J. J. 4'liomson ^ in his memoir The Chemmil Combination 
of Gases. 

Similarly, when two hydrogen iodide molecules crash together, a certain pro- 
portion of the collisions will result in a dissociation, so that an iodine and a hydrogen 
molecule will result. At the number of these collisions will be few and far 
between, but, as hydrogen iodide accumulates in the system, the number of collisions 
between these molecules will increase. Finally, wd»en the jmmbcr of chemically 
fruitful collisions per second between the iodine and hydrogen molecules is equal 
to the number of chemically fruitful collisions betvv(*en the hydrogen iodide mole- 
cules, the system will subsequently undergo no perceptible change. Obviously, 
this does not mean that chemical action has ceased. Every time tlie pro]>er mole- 
cules collide under the right conditions, hydrogen iodide will be formed or dissociated. 
Both clianges proceed with the same velocity, ajid consequently the (’omposition 
of the gas as a whole docs not alter. Although it is said that when two opposing 
reactions are in equilibrium, the system is at a standstill, tlu*. a])parcnt equilibrium 
is not a state of real traiKjuillity and repose. Equilibrium is essentially dynamic 
and active, not static and passive, it is ]>OvSsible to say that a chemical system 
is in equilibrium only when its composition does not change with the ]a])se of time. 

If all the molecules of a reacting substance are alike, why do they not all undergo 
change at the same instant I What regulates the speed of tlie reaction in such a 
way that only a certain fraction of the total number of molecules changt^s in a given 
time '{ At first sight it seems that if all the molecules are in the same condition, 
then, either no chemical change will take place at all, or else all the molecules in a 
uniform mixture of two gases, which can react with one another, must undergo 
transformation at the same instant. The answer returned by tlie kinetic theory 
is somewhat as follows : According to the kinetic theory, the average velocity of 
the molecules becomes greater and greater as the temp, rises ; and that although 
the average velocity is constant at any particular temp., the velocities of tlie faster- 
moving molecules may finally become .so great that ilie crash, on collision, displaces 
the atoms from their position of equilibrium in the iuoIecul(is. Take the case of 
water, H 2 O. A rise of temp, not only a<^celerates the nioveiiients of translation 
of the molecules themselves, ])ut it jirobably also inc reases the amplitudes and the 
velocities of the cyclic motions of the atom.s within the molecule. 'J'he atomic, 
movements may become so violent that the atoms of one*, or both molecules are 
thrown out of the sphere of one ariotlier’s attraction, and it is no longer possible 
for the hydrogen and oxygen molecules in the swifter molecules to remain (‘.ombined. 
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In other words, the molecules are dissociated. The dissociation of the gas is only 
partial, because the faster-moving molecules break down fir.st. There is a kind of 
struggle for existence ; the slower-moving molecules are the fittest to survive. 
It is, however, still possible for the atoms of hydrogen and oxygen to unite each to 
each forming elementary molecules JI 2 and O 2 ; but if a still higher temp, be applied, 
oven these combinations become unstable, and the two-atom molecules dissociate 
into one-atom molecules, for the atoms themselves then become mutually independent 
free-rovers. 

It is not likely that mere shock on collision, or that mere speed of molecular 
motion, is sufficient to determine chemical action, the selective attraction of the 
atoms of the paired colliding molecules must play an essential part. A. Kekule ^ 
assumed that the first phase in a chemical reaction is the juxtaposition of the mole- 
cules involving the formation of what he called a loosely- jointed polymolecule, and 
that the component atoms of the coupled molecules undergo rearrangement and 
take up positioiis compatible with the formation of stable systems. When the 
one-atom molecules collide, they enter the sphere of one another’s attraction, and, 
if the velocities of the colliding molecules he not too great, the atoms may remain 
in contact re-forming a two-atom molecule. As before, when the speeds of dis- 
sociation and re-combination are equal, the system is in equilibrium. 

Dissociation and combination are partial and incomplete. — As tlie temp, 
rises, the average velocity of tlie molecules of a gas become greater and greater. 
Although the average velocity of the molecules of a gas is (‘.onstant at any temp., the 
velocities of individual molecules must vary (considerably because of collisions, etc. 
It is possible that (collisions between the faster-moving molecules of hydrogen iodide, 
alone, result in dissociation : 2 Hl"^l 2 +Il 2 ; and that collisions between the 
slowcr-iuoving molecules of hydrogen iodide do not produce dissociation : similarly, 
it may h(^ that collisions ])etwcen the slower-moving fnolecules of hydrogen and 
iodine alone result in the formation of hydrogen iodide ; and collisions between the 
fastest mol(^cules do not lead to cliemical action. Ifcncc we can see how but a 
certain proportion of the collisions are chemically fruitful. This view of the action 
leads to several other iut('r(csting inferences, but since direct proof of the fundamental 
hypothesis is wanting, sullicient has been given to indicate the trend of modern 
thought. 

The action of stimulants— contact action. — I’he s])eed of dissociation of 
hydrogen iodide at 518° is augmented threefold by raising the press, from 0*5 to 
2 atm. T’he tremendous condensation of gases on the surfaces of such substances 
as platinized asbestos, platinum black, charcoal, et(‘,., shows tliat the layer of gas 
near the surfaces of these substances must ])e very cone. E. Mitscherludi (1843) ® 
estimated that when gaseous carbon dioxide is c(mdcnscd on wood charcoal in layers 
about 0*005 mm. thick, the gaseous layer is nearly as dense as liquid carbon dioxide. 
Hence, it follows that the concentration of the molecules of one or both the reacting 
gases must be very great near the surface of the catalytic agent ; and since the 
tcm|). is not altered, the average speed of the molecules will be the same ; accord- 
ingly, the total number of collisions, and the num])er of chemically fruitful collisions 
in unit time, will be augmented. This means that the speeds of formation and 
dissociation of hydrogen iodide will be stimulated in the presence of such substances 
as platinized asbestos, etc. In other words, these substances act as catalytic agents. 
A catalytic agent can alter the speed of a chemical action, hut it cannot alter 

the condition of equilibrium. Although the speed of a cliemical reaction 

is modified by the presence of a catalytic agent, the final state of equilibrium is not 
affected. If otlierwiso, J. H. van’t Holf sliowed that we could allow these sub- 
stances to j-eac^t alternately with and without the catalytic agent ; this would involve 
a change in the quantity combined, and the energy thus obtained could be made to 
do work. This would k^ad to perpetual motion, which is assumed to be impossible. 
This deduction has been confirmed experimentally with hydrogen iodide with and 
without platinum black. Hence, adds W. Nernst, the catalyst must always allect 
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the velocity of the reverse reaction. H the added substance increases the speed 
of formation of a substance, it must equally increase its velocity of decomposition. 

A given reaction may proceed at different rates in different solvents. Thus, N. 
Menschutkin^ found that the velocity of the reaction N(C2H5)34‘C2H5l=N(C2H5)4l 
is nearly a thousand times as fast in benzyl alcohol as it is in hexane as solvent. 
H. von Ilalban and A. Kirsch found the decomposition of xanthogenic acid, 
HSSCOCgHg^^^CSa+CgHsOH, is nearly a million times as fast in alcohol as it is in 
carbon disulphide ; both these solvents are decomposition products of the reactions. 
Similarly, J. T. Cundall found the dissociation of nitrogen peroxide, N2O4, when 
gaseous is nearly a hundred times as fast as when dissolved in chloroform. If it 
be right to assume that in each case the solvent at the end of the reaction remains 
in the same condition as at the beginning, the solvent can be regarded as a catalytic 
agent. For by definition a catalytic agent is one that inaugurates or alters the 
speed of a reaction without itself being changed in amount or kind at the end of 
the reaction. When a solvent acts catalytically, its mass is relatively large ; the 
more striking examples of catalysis are those in which a relatively minute pro- 
portion of the catalytic agent produces great effects. 

W. D. Bancroft expressed the opinion that something has been overlooked in 
J. H. van’t Hoff’s thermodynamic demonstration, for if in contact catalyzes only 
those substances which are adsorbed by the solid catalyst are affected catalytically, 
the solid catalytic agent may be regarded as eq. to a solvent, and may therefore 
displace the equilibrium of the adsorbed reacting substances. If, further, the 
products of the reaction are not selectively adsorbed by the solid but immediately 
liberated as a gaseous phase, it follows that the equilibrium will appear to be dis- 
placed by the catalytic agent. O. Dimroth ( 1913 ) could detect no relation between 
any of the physical constants of solvents and their effect on the state of equilibrhuii 
of balanced reactions, but he considers that the phenomenon Is related to the 
solubilities of the reacting molecules such that in the reaction if K is the 

equilibrium constant independent of the nature of the solvent, and if Ci and 
denote the respective concentration of A and B and Si and S2, their solubilities, 
instead of writing C^/Cui^constanty he writes Cx/C^^-AiS^/S^)- This has been 
established for a few organic compounds, but in otl\er cases the rule broke down. 

The relative frequency of uni- and bi-molecular reactions. — Uni- and 
bi-molecular reactions are very much more frequent than more complex reactions 
involving three or more molecules. This applies more particularly to reactions in 
gaseous systems. The number of binary collisions per second must be very much 
greater than the number of simultaneous collisions between, say, three molecules. 

The idea can perhaps be illuHtrated by supjjosing that n white, n black, and 7 n red balls, 
mixed np in a bowl, re}>resent n swarm of reacting rnoloculos. Wo are taught in algebra 
that the probability of drawing, in a binary ooinbinution, a white and a black ball is 
2n*{2n-f-w)~^(2n 4-7/1 — ; and the probability of drawing a black, white, and rod ball 

ia i7nhn{2n w — l)‘"^{27^4~w^ — 2) The probability of the binary combination 

against the ternary combination is as (2n f-m — 2) is to 3m. If ni is veiy small in comparison 
with n the probability in favour of the binary combination is very great. In one c.c. of 
gas at 0° and 760 rnm., n is of the order 10^®. 

By an application of the mathematical theory of probahility (Bernoulli’s theorem) 
to a swarm of reacting molecules, moving according to the postulates of the kinetic 
theory of gases, a relation similar to C. M. Guldberg and P. Waage’s law of chemical 
equilibrium will bo obtained, viz. if a reaction between a number of substances, 
say A, B, M, N, can be represented by the equation : wA+nBw^pM+jN, and if 
the concentrations of the reacting substances be respectively denoted by [A], [B], 
[M], [N], then, when the system is in equilibrium, the concentrations of the reacting 
molecules will be so related that ^i[A]’”[Bl"^A:2[M]3"[N]9, where Ar, and 
are constants ; and the equilibrium (Kinstant — - k^/ki — K. Consequently" 
S. V. Sjanoschentzky ( 1908 ) ’ was led to say : Guldberg and Waage’s law is not 
an independent hypothesis, but is rather a logical consequence of the kinetic theory 
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of gases. This deduction is independent of any hypothesis as to the affinity of 
the reacting molecules, and hence it is probable that affinity does not exert any 
appreciable influence on the translatory movements of the unpaired molecules, 
but is only exerted momentarily when the atoms of the paired molecules during 
copulation are settling down into a condition of equilibrium. Similarly, it follows 
that the so-called affinity constants and in C. M. Guldberg and Waagc's 
equation incFude at least two factors, one of which is dependent on and the other 
independent of the affinity between the reacting molecules. 

When several molecules are involved in a chemical process: (1) If tlic reaction 
is dependent on the juxtaposition of three or more reacting molecules, it is likely 
to be extremely slow ; or (2) One or more intermediate reactions may be involved — 
one molecule, for instance, may unite with another molecule, and the pair (inter- 
mediate compound) later collide and react with a third molecule (consecutive 
reaction) ; or (3) The reaction may be localized in the vicinity of a solid where the 
reacting molecules form a dense layer and are comparatively close together (contact 
action). ^ 

The effect of temperature on equilibria. — Chemical reactions generally 
proceed more quickly at high than at low temp. D. Amato® says a mixture of 
liydrogen and chlorine, cooled to — 12 ^ does not react in light, even if exposed for 
hours to direct sunlight ; and J . H. Kastlc and W. A. Beatty found that in darkness 
hydrogen and bromine combine very slowly at 196'', and 
in sunlight, the change is rapid at 196^ and slow at IOC. 

On tJie other hand, there are some reactions whose 
speed is diminished with a rise of temp., aiKl others 
a^ain in which the reaction is reversed by raising the 
temp. It is })robablc that wlien the speed of a reaction 
is slow enough for convenient measurement, the relative 
number of reacting or active molecules is small. The 
increase in the number of active molecules with temp, 
increases witli the sp. lit. C(, and the increase in the 
speed of the reaction is greater the greater the value 
of C\,. 

The proportion of hydrogen iodide dissociated 
decreases with rise of temp, so long as the temp, does 
not exceed about 320” ; above that critical temp., the higher the temp, the 
grcaler the amount of hydrogen iodide dissociated. This is illustrated b}' the 
graph, Fig. 4. 1'he thermal value of the reaction clianges sign at about the 
same critical temp. ; for instance, at 18”, the union of hydrogen and iodine is an 
ejidothermal reaction: H2+L2"-2HI — 6*1 Cals. ; and at 520”, exothcnnal: II2+12 
"--2111 1 11 Cals. Experience shows that a rise of temp, always favours endothermal 
reactions. When a system is in 'physical or chemical equilibriu m a rise of temperat ure 
promotes the forinatwn of those products ivhich are formed with an absorptio7i <f heat ; 
a rise of temperature resists the fortnation of those products formed wUh an evolution 
of heat : and a ehanye of temperature has no effect on the equilibrium ther^nally neutral — 
j. H. van’t Hoff’s equilibrium law (1884).® The law is a special case of the 
great j)riiicip]e of reversibility. If an exothermal reaction becomes endothermal 
at a higli temp., there is a curious paradox: A compound may be stable at 
temperatures exceeding that at which it dissociates. The case of hydrogen 
iodide is particularly instructive. The change in the thermal value of the reaction 
corresponds with a change in the effect of a rise of temp, on tlie equilibrium. The 
quantitative side of this rule has already been discussed, and AV. Nernst lias 
shown for the reaction H2H^l2=3HI, the equation : log /i~510 lT“'i“~ 0*503 log 2^ 
+2*35, represents the relation between the equilibrium and the absolute temp. T, 
in agreement with the observations of G. Lemoine (1877), P. Stogmuller (1907), 
M. Bodenstein (1894), and K. V. von FaUskenstein (1910). For the equilibrium 
U 2 +Br 2 ;F=^ 2 HBr, the equation log K=b223T '^^ — 0*533 log T — 2*72 is similarly 
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employed for the observations of K. V. von Faickeustein (1910), and M. Bodenstein 
and A. Geiger (1904) ; and for the equilibrium Hg+Cla^HCI, the equation 
log it ^-“0*553 log T+2*4:2 is used for the observations of M. Bodenstein 
and A. Geiger (1904). The comparison of the percentage degree of dissociation of 
the hydrogen compounds of the three halogens in Table III, calculated by 


Table III,— rERCKNTAGK Dissociation of the Hydrookn Halides at Diffrhent 

Tempfkatc res . 


Temperature 
r“ K. 

__ — . 

i HOI 

2!)0® 

2-51xl0->'> 

600“ 

; 1-92x10'' 

700“ 

, 1-12x10“ 

»00“ 

3-98x10-* 

1000“ 

j 1 -34 X 10 * 

1600“ 

■ 6-JO X 10 * 

2000“ 

0-41 

2500“ 

1-30 


Percent tUasociatloii. 

j HBr 

HI 

4*J4xlO« 

0*2 

; 2*91x10-* 

15*5 

9 * 9:1 X 10 -a 

22*2 

: 7*18x10 2 

27*0 

0*144 

29*0 

1*19 


.‘^40 


! — 



F. Pollitzer, emphasizes how the tendency of the hydrogen halides to dissociation 
increases as the at. wt. of the halogen increases. At the higher temp., the results 
are complicated by the dissociation of the two-atom molecules of the halogen into 
one-atom molecules. The free energy of the reaction |H 2 +iI 2 gas=Hl, at T"* K., 
according to F. Haber, is — 89 r)75— 1 575T log T-\-0‘00M9T-'\-RT log 

+2*C7T. The equation is not consistent with results obtained in otlj^^^ays — 
possibly, as F. Haber suggested, owing to dissociation. G. N. Lewis and M. Kandall 
give 13404’0‘0(X)72r)I’^---2*48r ; and if solid iodine be used, 71104"3*3r)r 
log r -0 00275T2_4i.845y 

The principle applies to physical equilibria. When anhydrous sodium sulphate 
is dissolved in water, heat is evolved, and its solubility decreases with a rise of temp. ; 
hydrated sodium sulphate dissolves in water with an absorption of heat, and its 
solubility increases with rise of temp. The vaj)orization of water is an endothernial 
reaction, and hence a rise of temp, favours vaporization, for it increases the con- 
centration of the vapour phase. 

The effect of pressure on equilibria. — The principle is also applicable to other 
forms of energy. Increasing the press, of a dissociating compound decreases 
the amount of dissociation, and this presumably relieves the strain set up by the 
increased press. Thus: when a system is in a state of physical or chemical equililyrium^ 
an increase of pressure favours the system formed with a decrease in volmne ; a reduction 
of pressure favours the system for^ned with an increase in volume ; and a change of 
pressure has no ejfect on a system for'tned without a change in volume — G. Robin’s 
law (1879).^ 1 Thus, hydrogen iodide is formed from hydrogen and iodine without 
a change in volume, and the state of equilibrium is not affected by variations of 
press. When ice melts, the liquid occupies a smaller volume than an eq. amount of 
ice ; and experiment shows that the m.p. of ice is lowered by press, in agreement 
with the law. With sulphur, the converse is true. The m.p. of sulphur is raised 
by press., but the liquid phase has a greater sp. vol. than the solid phase. 

The principle of least effort* — The principle of least action underlies all these 
rules, and it is of great service, and of wide application. P. L. M. Maupertius fore- 
shadowed the idea in 1747 : All natural changes take place in such a way that the 
existing state of things suffers the least possible change ; or, as W. D. Bancroft 
(1911) expressed it: A system tends to change so as to minimisse th^ effects 
Ot An external disturbing force. This has been called the principle of the 
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opposition of reactions to further change, and it was stated in general terms by 
H. le Chatelier : If a system in physical or chemical equilibrium be subjected to a stress 
involving a t^nge of temperature, pressure, wncentration, etc,, the state of the system 
toill automaticaUy tend to alter so as to undo the effect of the stress — le Cfaa(eUer*8 
law (188S).i2 For instance, if the temp, of a system in equilibrium be raised a few 
degrees, the state of the system will change so as to induce the formation of that 
component or phase which absorbs most heat, and accordingly tend to lower the 
temp. If the reaction be exothermal the change will proceed in the reverse 
direction ; and if the reaction be endothermal, the system will change in the 
same direction. Again, if the press, of the dissociating iodine (one vol.) =21 (2 vols.) 
be increased, the state of the system will change so that the volume is diminished ; 
and conversely, if the press, be reduced, the state of the system will change so that 
the volume is increased, that is, the less the press, the greater the amount of iodine 
dissociated. In the case of soln., an increase of concentration will induce the 
formation of that component or phase which will lower the concentration of the 
solute added ; and an increase of vap. press, will lead to the formation of that 
component or phase which will reduce the vap. press., etc. 

Again, in virtue of H. le Chatelier's rule that all compounds tend to change in 
such a way as to relieve the disturbing effects of the strain, W. D. Bancroft showed 
that light will tend to destroy all substances which absorb it -c.r/. chlorine in a 
mixture of hydrogen and chlorine — and just as all compounds absorb light rays of a 
certain wave-length, so must all compounds be sensitive to such rays. The rule, 
however, gives no inkling whether the given stimulus will actually produce a change. 
Thus, no appreciable change takes place with copper suljihate ; nor with chromium 
sulphate unless a catalytic agent be present ; there is a visible decomposition with 
silver salts ; and in some cases fluorescent or phosphorescent phenomena occur. 
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§ 6. The Union ol Hydrogen and Chlorine in Light 

On August 10th, 1801, W. Oruickshankl noticed the gradual combination of 
oxygenated muriatic acid (i.e. chlorine) with hydrogen, hydrocarbons, and carbon 
monoxide. lie said 

If tho pur© oxigenat^ed muriatic acid, in the form of a gas, be mixed in certain proportions 
with any of thcjse inilamiiiable gases and introduced into a bottle lillt'd with and inverted 
over water, though no immediate artioifi may be at first perceptible, yet, in twenty-four iiours 
a complete decomposition will be found to liave taki^n jilacc, the products varying according 
to the nature of tlie gases employed. ... 1 introduced into a phial with a glass stopper, 
filled with and inverted over water, one measure of jnno hydrogen and afterwards two 
measures of very pur© oxigenated muriatic gas, this m‘arly tilled the bottle ; tho st-oppor, 
was then introduced very tight under water, and btiforo tlie stopper was introduced, a 
whitish cloud ajipeared in the mixture y<^t very httle or no dimlnuUon could be observed . . • ; 
at the end of twenty-four hours when the stopper was withdrawn tlie whole of tho gas 
instantly disappeared except about ono-tenth of a nu'asnrc, which was ftnind to bo a/ote, 
and must have been originally contained in the two measurtis of oxigenated inuriatic acid 
and water, for the w^ater in the ])hial contained coiniiion inuriatic acid, but did not in tho 
least smell of the oxigenated acid. 

On February 27th, 1809, J. L. Oay Lussac and L. .1. Thonard confined a mixture 
containing equal volumes of hydrogen and chlorine in darkness and another mixture 
in light for several days. The characteristic colour of the chlorine disappeared in 



Fig. 5.* — IJydrogon-Cliloririo Actinomoler. 

less than a quarter of an hour in tho vessel exposed to light, while tlie green colour 
of the chlorine in the other appeared to have suffered no change. 

Being now no longer able, after these experiments, to don>>t tho influenco of light in 
th© combination of those tw‘(> gases, and judging from tho rapidity with which it has 
operated, tliat if the light had been much more vivid it wuiuld have operated much more 
quickly, we made new jnixt\ires mid . . . <'xposed them to tho sun. Scarcely had they ]>oen 
t‘xposod when they suddenly inflamed with a IoikI detonation, and the jars were refluood 
to splinters, and projected to a great distance. Fortunately, we had provided against such 
occurrences, and had taken luocaulions to secure ourselves against accident. 

John Dalton also noted in June of the same year that on repeating W. Cniicksliank’vS 
exj)erirnent, “ the gases after being put together over water seemed to have no 
effect for one or two minutes, when suddenly the mixture began to diminish with 
rapidity,’’ tho hydrogen chloride of course was absorbed by the liquid in contact 
with the gas as fast as it was formed. J. W. Draper constructed an instrument — 
which lie first called the tithonometer and afterwards changed th© name to the chlor- 
hydrogen photometer -intended to measure the rate of combination of tho t,wo gases 
under the influence of light from the contraction wlii<*h occurred as the hydrogen 
chloride which is formed is absorbed by the confining liquid. 'J’he contraction was 
indicated by the movement of tho liquid along an index. 

Tho tithonometer or actinomoior of J. W. Draper w’as considerably improved by 
B. Bunson and H. E. Boscoe. Fig. 5 illustrates tho principles of the instrument devised by 
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the latter ; but modi tied in some details. The mixture of hydrogen and chlorine from the 
electrolytic cell enters the lube ^4, and bubbles through the water in the flattcsnod bulb 
of thin glass, F ; the gases pass along the tube and after bubbling through the water in D, 
escape into the fume -chamber, "l.'lie tube B with the 3-way cock G is convenient for intro- 
ducing other gases into the system. The funnol-tube C and the cock H are convenient for 
introducing liquids into E, Tlujro is a ground joint at E useful for disconnecting the index 
tube El]J ; and the cock I is useful for arresting the liquid in D. With the cocks H closetl, G 
and 1 open, thegast^s from the clectrolyti(s cell arc passed through the apparatus long enough 
to expel all the air, and saturate the lifpiids in the system. When all is in equilibrium, and 
a mixture of hydrogen and oxygen in equal volumes is slowly passing through the syst-em, 
the co(;k Q is closed. The position of the li(|uid in the index tube is noted when movement 
has ceased. If the bulb F bo illuminated by the light from an oil-lamp or gas-fiame, as 
hydrogtJU chloride is formed, it is absorbed by tho liquid in the lower fiart of F^ and the 
resulting contraction is measured by the left-to-right motion of the liquid in the index 
tube IK, 

Starting with a mixture of hydrogen and chlorine — prepared by the electrolysis 
of hydrochloric acid in darkness — no movement was observed for 600 seconds after 
the commencement of exposure, and after that the> time occupied by the liquid 
in moving over the Ist, 2nd, 3rd, 4th, and 5th divisions of the scale was rcs])ectively 
480, 165, 130, 95, and 93 seconds, and thereafter it moved regularly at tho same rate. 
The.vse results arc graphed in Fig. 6, as average velocities per second. Starting from 
the moment the mixture is illumi- 
nated by a steady source of light, 
there is (i) what V. If. Veley 2 
afterwards called a 'period of inert* 
nesfi, during which there is no 
visible sign of chemical action ; 

(ii) (f period of acceleration, during 
which tin? rate of combination 
gradually increases to a maxi- 
mum ; and (iii) a steady state 
where the rate of the reaction is 
uniform and regular. If hydro- 
gem aud chlorine l)e exposed to a 
bright flash of light there is a 
momentary expansion — called the 
Draper effect, l>ecause it was first noted by J. W. Draper. This phenomenon Ls 
difTerent from the Buddo effect, for it is a secondary result of the heat liberated 
cluriug the reaetion ; after a large number of Draper effects the amount of chemical 
change is measurable. It is therefore probable that there is no real period of 
inertness, but the amount of chemical action during the earlier stages of the reaction 
is too small to be detected. The initial period occu|nod by tho reaction in 
assuming the steady state was called by 11. Bunsen and H. E. lioscoe ^ the period 
of pfiotochemical imhiction : 

At ono time bodies enabled to follow^ the attraction of their chemical forces, whilst 
at anotht'r time they are pn'vt^nted from doing so by forces acting in fin opposite direction. 
These opposite attractions Avliich must bo overcomo in order that the chemical combination 
should take, place, may be prc'sciitt'd to tho mind under the imago of a resistance similar 
to that occMuring in friction, in Iho ])assage of electricity through coiiductoi’s, in tho dis- 
iiibution of jnagi\etism in steel, or in tho conduction of heat. Wo overcomo this resi.staiico 
when we <juickiir\ the formalion of a j>reeii)itato by agitation, or when, by inert^aso of temp., 
by catalylic action, or by insolation, wo cause'- a chemical action to occur. . . . The act by 
whicli tho resistance to cornbination is dinriinisliod, and the combining power thus brought 
into greater activity, wo called rhamiLXtl indvHion ; and we specify this as photo-chemical, 
thcnno-chemical, electro-chemical, and idoo-chemical, according as light, boat, electricity, 
or pure chcanical act ion i.s t he active agent concerned in overcoming tho cjhemical resistance. 

Tt was rocognizod that tho initial period is characteristic of many other reactions 
not dependent on light, and it was called the period of induction. ISiicli a period 
has been observed in the action of acids on zinc ; of nitric acid on copper ; of 
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sulphurous on iodic acid ; of bromine on organic acids ; and M. Berthelofc and 
L. P. de St. Gilles also noticed what they called wm deceleration inUiale in the action 
of acids on alcohol. J. W. Draper believed that the first action of light was to 
induce a more active allotropic modification of the chlorine ; E. Pringsheim, 
J. W. Mellor, P. V. Sevan believed that some intermediate compound is formed in 
the initial stages of the reaction ; but C. H. Burgess and D. L. Chapman showed 
that the system probably contains some impurity which must be destroyed by the 
light before the chlorine and hydrogen can react. 

There is no general cause for the period of induction applicable to all reactions. 
Excluding disturbances arising from the imperfect mixing of the reacting substances, 
from the heat of the reaction, and from the preliminary sat\xration of a liquid by 
a gas before the speed of a reaction can be measured by the rate of evolution of a 
gas, etc., three causes of a period of induction have been recognized. (1) The 
final products of the reaction are produced after certain intermediate products have 
been formed. (2) The main reaction may be accelerated catalytically by the 
products of the reaction — e,g. A. V. Harcourt and W. Esson showed that the 
manganese sulphate produced during the reaction between potassium permanganate 
and oxalic acid in the presence of sulphuric acid accelerates the reaction. (3) The 
overcoming of a passive resistance of some kind, or the destruction of a negative 
or inhibitory catalyst as is supposed by C. H. Burgess and D, L. Chapman to occur 
when light acts on a mixture of hydrogen and chlorine containing a trace of nitrogen 
chloride. 

A period of induction is characteristic of chemical reactions which take place 
in a series of intermediate stages. This is a necessary consequence of the law of 
mass action. The duration of the period depends on the relative magnitude of the 
velocity constants of the intermediate reactions. For example, with the reaction 
the rate of formation of the intermediate compound, M in the A— M 
reaction, will be quickest at the start, and the rate of formation of B by the destruction 
of M in the M=B reaction will be slowest at first, and increase with time as the 
amount of M accumulates in the system. At first, during tlie period of acceleration, 
the speed of the A==M reaction exerts a preponderating influence and M accumulates 
in the system ; but the increasing speed of the M— B reaction gradually neutralizes 
the effect of the first reaction, until the rate of formation of M by the A— M reaction is 
equal to the rate of its destruction by the M— B reaction, and finally, the M is con- 
sumed faster than it is formed. The amount of M in the system at any moment 
thus determines the rate of formation of B, so that the curves showing (i) the rate 
of formation of B, and (ii) the amount of M in the system at different moments, are 
similar in shape. This is illustrated by the dotted line in Fig. G. The duration of 
the period of induction naturally depends upon the relative speeds of the two 
reactions. If the rate of formation of the intermediate compound is immeasurably 
fast, there will be no appreciable period of induction. 

In the case of the hydrogen-chlorine reaction, the intermediate compound M, 
by J. W. Draper’s hypothesis, is allotro])ic or active chlorine ; by E. Pringsheim’s 
hypothesis, 4 chlorine monoxide or some analogous compound. Having shown that 
the additive chlorine monoxide does not acceJeTute the reaction or abbreviate the 
period of induction, an imaginary intermediate compound was postulated of a more 
indefinite and vague form : xCl2.^H20.zH2. One naturally shirks vague hypotheses 
of this typo, but we arc always confronted with the fact that the presence of the 
third component, water, seems necessary for this reaction. There are also many 
other reactions in which it seems necessary to assume either the formation of a 
complex intermediate compound of this type, or else a sequence of consecutive 
chemical reactions in which water plays an essential part. The reason for including 
water in the formula of the imaginary intermediate compound is to indicate that the 
formation of hydrogen chloride from the mixed gases, in light, seems to be dependent 
on its presence. In the absence of water, the dry insolatod gases unite with great 
difficulty, if at all. 
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If the formation of an intermediate compound be the source of the activity of 
the chlorohydrogen mixture, this compoimd! must be moderately stable in the 
presence of chlorine and hydrogen gases because J. W. Draper found evidence that 
it was not decomposed immediately the illuminated mixture of hydrogen and 
chlorine is darkened. He says that he kept a pre-illuminated mixture of hydrogen 
and chlorine in darkness for ten hours, and on re-exposure to light, the movement of 
the liquid in the index tube commenced in a few seconds, whereas in the non- 
illuminated mixture 60() seconds elapsed before any movement was visible. This 
showed that the change which occurs in the mixture is not transient, but can persist 
for some hours. ' R. Bunsen and H. E. Roscoe denied that previously insolated 
chlorine instantly gives rise to hydrogen chloride on exposure to light ; P. V. Bevan 
showed that J. W. Draper's observation is accurate, but the increased power so 
acquired by chlorine is lost when the gas is passed through water. Whatever is 
formed during the action in light is therefore either decomposed or washed out of 
the gas when bubbled through water. R. Bunsen and H. E. Roscoe’s failure to 
verify J. W. Draper’s observation was due to their having bubbled the gas through 
water before it was tested. If Xq be the activity of a mixture of hydrogen and 
chlorine combining in light,® and x the activity at the time i, J. W. Mellor found that 
for his actinometer. C. H. Burgess and D. L. Chapman noted that 
by shaking the actinometer with a mixture of hydrogen and chlorine, which has 
been insolated, the induction period on re-exposure is shorter than before, and by 
repetitions of this treatment,' the actinometer is finally brought into such a con- 
dition that there is no period of induction on rc-cxposure. This makes it appear 
as if the liquid is sat. with the intermediate compound M. When the absorbing 
liquid in the actinometer is replaced by aq. soln. of salts or acids — e.g, barium 
chloride— the induction period was prolonged, this makes it appear as if the inter- 
mediate compound is not stable in the presence of certain agents. 

C. 11. Burgess and D. L. Chapman found the presence of ammonia— even in very 
small traces - makes chlorine particularly inert towards the hydrogen in light. It 
is assumed that the ammonia is converted into nitrogen chloride by the chlorine, and 
that it is nitrogen chloride which is the inhibiting agent. D. L. Chapman estimates 
that the presence of 10 molecular parts of nitrogen chloride makes a sensitive 
mixture of hydrogen and chlorine a hundred times less sensitive than when the 
inhibiting agent is absent. He further found that oxygen, nitric oxide, chlorine 
])eroxicle, nitrosyl chloride, nitrogen peroxide, and ozone act as inhibitors. The 
mixture is indifferent to the presence of carbon dioxide, nitrogen, and reducing 
substances generally. Hence, says D. L. Chapman, 

The so-called induction period is caused by tho })resence in the gas of a powerful inhibitivo 
impurity — ^nitrogen chloride — which must be completely removed from the gases before 
the chlorine and hydrogen can interact. 

Further, D* L. Oliapman and co-workers ^ have made the interesting and im- 
portant observation that if the chlorine gas be freed from traces of certain impurities, 
present in the ordinary distilled water of laboratories, there is vii'tually no period 
of induction. It is assumed that an exceedingly minute trace of some impurity 
suffices to retard or inhibit the reaction, and that the delay in the so-called period 
of induction is really due to the time required to destroy this impurity before the 
hydrogen and chlorine gases can unite directly : H 2 +CI 2 — 2HC1. This conclusion 
was confirmed by M. Bodenstein and W. Dux. 

Even if this interpretation be correct, the formation of hydrogen chloride by the 
action of light on a moist mixture of hydrogen and chlorine is possibly attended 
by the formation of an intermediate complex of some kind. P. V. Bevan found 
that when strongly illuminated chlorine is suddenly expanded, a fine rain of con- 
densation nuclei appears when the ratio of the press, before and after expansion 
is 1*30; and a cloud appears when the expansion ratio is 1*46; whereas with 
darkened chlorine the cloud does not appear until the expansion ratio is 1*50. 
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Similarly, with the electrolytic mixture of hydrogen and chlorine, drops appear 
when the expansion ratio of the non-illuminated gas is about 142, and 122 with 
the illuminated gas. If the illuminated gas in which hydrogen chloride is forming 
be expanded sufficiently to produce a cloud, the formation of hydrogen chloride 
ceases. Hence, argues P. Bevan, the addition compounds of the type 012.H20 are 
formed in illuminated chlorine, and their presence is the cause of the diftereiicc 
between illuminated and non-ill uminated chlorine ; and the formation of hydrogen 
chloride is due to the preliminary formation of tbc complex Cl 2 .H 2 O.H 2 . J. W. Mellor 
(1902) also assumed the possible formation of the complex an 

intermediate stage in the reaction. M. Bodenstein and W. Dux found that the 
presence of water vapour with a press, between 0 004 and 2 »i mm. has no influence on 
the velo(*ity, and this is said to be “adequate to rule out’’ the assumption that this 
complex is an intermediary in the reaction. A calculation of the number of water 
molecules per c.c. of gas represented by these press, would have vshown that this is 
by no means the case. C. H. Burgess and D. L. Chapman (lOOG) conclude that the 
formation of condensation nuclei observed by P. V. Bevan is not essential to th(5 
production of hydrogen chloride. K. Weigert argued that the action of light is 
catalytic iji that it is incapable of altering tlie equilibrium constant in the reaction 
012“! CO— -COCI 2 betw’cen 45(T' and .510^, and he assumed that the light produces 
comjjlexcs —IteahlUymheryie -oi some kind which act in an analogous manner to the 
action of the particles of platinum, in a colloidal soln. of that metal, on the decom- 
position of hydrogen peroxide. 

Photoelectric action. — The fact that a negatively charged body rajudly loses 
its negative charge wlien exposed to ultra-violet light, while a positively (diargod 
body retains its positive charge was discovered by W. Hallwachs in It was 

further show^n that an insulated })olishcd metal ]>Iat/e acquires a positive (diatge 
under similar conditions. These effects arc known as the Hallwach's effector the 
phofoelex^tric effect. »J. Elster and H. Geitel shoAved that the more electropositive the 
metal the greater its sensitiveness. The offec't may be complicated by tlm nature of 
the surface, and by the presence of absorbed layers of gas. The alkali metals are 
extremely sonsitivo to tJiis phenomenon, indeed, tliey exhibit the eIVcct with rays 
of the visil)le spectrum for example, the sensitiveness of tlire<‘. of the alkali metals 
for tlic radiations in different parts of the visible spectrum arc relatively ; 

Sodium. Polassiuni. Uubiaium. 

:{o-o 87 

!irfllow ray^' .... 8*2 a-5 :U0 

Red rays 0*2 01 21 

Win* to light 22 0 53 0 540 

According to 11. J'oiil and E. rring.sheiin, al.so, tlie .specific i)liotoolcctrical 
activity, or tlic activity for light of unit intensity increases as the wave-length 
diminishes. Pliotoclccl rival activity is a constitutive projierty, and not an additive 
or an atomic property like radioactivity. Thus, i.ho .suljihides of .silver, arsenic, 
antimony, lead, tin, and inangaueso. arc photoelectric, while siiIphate.s’o{ these 
elements (iro not. Dry ice is photoelectric, water is not. Fluorspar ; many of the 
metalloids ; dry hydro.'cidcs ; the halides of silver and Ica.l ; zinc ; aluminium : 
etc., show })hotoclectric activity in sunlight. 'J’he activibv of metal siirface.s 
usually decreases rapidly in air. The presence, of neither hydrogen nor oxygen 
appears to be ncce.ssary for the effect. Photometers have been constructed for 
measuring the intensity of light in terms of Ihc photoelectric elfecl by making 
cojiper oxide, or some metal like zinc, or potassium the illuminated surface 

The photoelectric effect has received ita simplest explanation in terms of the 
electron theory m which the phenomenon is attributed to the emission of electrons 
under the infliiciicc of ultra-violet liglit. J. J. Thomson » proved that the carriers 
of negative electricity from an illnmmatcd metal plate arc identical with the cathode 
rays of a Crookes’ tube, and consist of negatively electrified corpuscles or negative 
electrons carrying an electrical charge equal to that concerned in electrolytic 
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ronvection. Measnrennents by P. Lenard, J. Elster and H. Geitel, A. Ladenburg, 
and otlierm have shown that (i) the velocity of the electrons discharged from an 
insolated metal depends only on the frequency of the incident monochromatic 
light ; and (ii) the number of the electrons emitted increases proportionately with 
the intensity of the incAdtuit light. Assuming that the energy absorbed per mol. 
in any photochemical reaction is €, A. Einstein ^ has shown that the quantum 
theory, applied to the photoelectric effect, furnishes the relation €-~nhv, where 
n is an integer, k is a universal constant equal to 6*62 and v is the vibration 

frequency of the absorbed inonochroniatio radiation. This relation is called 
Einstein’s law of photochemical equivalence. Hence it follows at once that the 
amount of photochemical action will be proportional to the intensity of the 
illumination. 

Assuming the electronic structure of the atom, the photoelectric electrons 
liberated by the action of light are identilied by J. ytark with the valency electrons 
or the electrons which furnish the so-called chemical bonds. Photoelectric and 
])hotochemical changes arc thus regarded as changes of the same character in that 
both are determined by the displacement or separation of electrons by the absorption 
of radiant energy. J. Stark distinguishes ])rimary photochemical action in which 
the same valency electron which has absorbed energy causes, by collision, the 
separation of a valency electron from a neiglibouring atom. J. Stark further 
postulates tliat primary photochemical actions (i) arc unimolecular ; (ii) are inde- 
pendent of temp, at least for light of wave-length 45()/.4/x ; and (hi) have a velocity 
proportional to the amount of active light absorbed. M. Bodenstein and \V. Dux "*1 
further postulate that the primary n^action in the (jase of hydrogen chloride is 
(iv) independent of the concentration and nature of the impurities present ; and 
that (v) each molecule taking part in the change consumes one quantum (or a very 
small number of ([uanta) of energy. In p/iu/ur?/ light rcactioms the molecule is 
ruptured by the a))sorbed light energy into a positive radicle and an electron, so 
tliat for every mol(3cule so ruptured a definite quantum of energy is necessary. The 
positive radi(*lc simultaneously formed is chemically active. M. Bodenstein included 
the decomposit ion of hydrogen iodide ; the formation of ozone ; the decom[)osition 
of ammonia ; tlu' transformation of A- into /x-siilphur; and the decomposition of ozone 
by chlorine in this class, in secondary light reactions, electrons attach themselves to 
tlie molecules which arc thereby activated so that they can take part in chemical 
change. In syjubols : (1^ with light energy --Cl 2 +©, where © symbolizes an 
electron: Clj, The negatively charged molecules which have gained an 

electron are then ca[>ablc of reacting with liydrogen : (Jlg'H H2=2H(1-|-©. After 
the reaction, the free electrons liberated attach themselves to other molecules, 
and so, acting like a (catalytic agent, bring about the combination of an indefinitely 
large number of reacting molecules. As examples of soc.omlary light reactions, 
M, Bodenstein cites the decomposit ion of ozone ; tlie dccom})osition of oxalic acid 
by uranyl nitrate ; the hydrolysis of liydroohloroplaiinic acid ; the decomposition 
of hydrogen peroxide ; the reaction between hydrogen iodide and oxygen ; the 
formation of phosgene ; etc. 

M. Bodenstein included the reaction between hydrogen and chlorine as a 
secondary light react ion, but gave up the hypothesis that the electrons are separated 
when chlorine and hydrogen react in light, l)ccause (i) the observations of 
J. J. Thomson, and of M. le Blanc and M. Vollmer show that there is no evidence 
of ionization in illuminated chlorine ; ajid (ii) the observations of P. Lenard, and of 
E. B. LudJam, show that ionization, the formation of fogs as in P. V. Bevan’s 
ex})eriment, and chemical action are distinct and independent results of the action 
of light, and arc invoked by separate regions of the spectral rays. M. Bodenstein 
therefore assumed that the absorbed energy sets the molecules of chlorine into a 
state of rapid vibration when tiiey can react witli hydrogen to produce molecules 
of hydrogen chloride possessing a high energy content ; this energy can be trans- 
ferred to other molecules of chlorine -or of oxygen if that gas be present. 
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Y. Henri and R, Wurmser have measured the energy necessary for thfe photo- 
chemical decomposition of hydrogen peroxide, and obtained smaller values than 
are required by Einstein’s law of photochemical equivalence for the ratio of the 
number of molecules which have been deprived of electrons and which react directly, 
to the amount of energy absorbed. E. C. C. Baly suggests that a portion of the 
energy in these gases is derived from the solvent ; and M. Bodenstein that if the 
electron attached to a molecule becomes free after the secondary reaction, it is 
possible that smaller values for Einstein’s ratio will result, because the energy 
required for the second separation of the electron has not been derived from the 
light. On the other hand, if the positive residue does not unite quickly enough 
with another molecule, the original molecules may be reformed, and the velocity 
of the reaction will be less than ought to have resulted from the absorb^ energy. 

According to the photoelectric hypothesis, therefore, the absorption of light 
is attended by the separation of electrons proportional in number to the intensity 
of the light per unit of illuminated surface, but independent of temp. Since on 
the electron theory, electrolytic dissociation and the preliminary stages of photo- 
chemical action can both be regarded as eq. to the s€'.paration of negative electrons, 
W. D. Bancroft has emphasized a century-old suggestion of T. von Grotthus,^^ who 
said : 

It is in accordance udth facts as [ see them to compare tlie chemical action of light 
with that of a voltaic cell. Light separates the constiiiiimts of many ponderable compounds 
and forces them to form new corupoimds . . . just as the poles of a voltaic battery do 
to a still greater extent. 

Just as in declroh/sis M. Faraday showed that the rate of electrochemical decom- 
position is proportional to the energy consumed in unit time, independently of the 
masses of the reacting substances, so in 'photolysis^ the rate of the primary photo- 
chemical action is assumed to be proportional to the consumption, or absorption, 
of radiant energy in unit time, and independent of the masses of the reacting sub- 
stances. Nearly all photocliemical reactions which have been investigated are 
unimolecular, as J. Stark lias assumed to be characteristic of primary photolytio 
changes. For instance, while the thermal decomposition of hydrogen peroxide and 
of hydrogen iodide follows the bimolecular law, these reactions are unimolecular 
when the decomposition is effected by light. M. Wildermann found, on the 
contrary, that the reaction : CO-fCI^— COCI 2 . follows tlie bimolecular law, and 
states that photochemical reactions are governed by the same law of mass action 
as reaction in the dark ; but C. H. Burgess and D. L. Chapman have properly shown 
that this cannot be right, since M. Wildermaiin has not taken into consideration 
the dependence of the reaction on the quality and character of the light. J. Plotnikoff 
found that when bromine reacts with hydrocarbons of the ethylene type, the 
velocity is different in light and in darkness. The equilibrium conditions agree 
with the assumption that the bromine reacts as 2Br and not as Br^. 

The consumption of energy during photolytic reactions.— In 1818, 
T. von Grotthus formulated one of the most important laws of photochemistry : 
Oidy those rays which are absorbed by a substance can produce chemical action. This 
statement is usually attributed to J. W. Draper, who, in 1841, showed that the 
chemical action produced by the rays of light depends on the absorption of actinic 
energy by the sensitive body ; just as an increase of temp, is produced by the 
absorption of licat energy. In 1843, J. W. Draper also showed that the amount 
of chemical action in his tithonoineter is directly projiortional to the time of exposure 
and to the quantity of incident rays. If, therefore, / be the time during which 
monochromatic light of intensity I be absorbed by a sensitive body, the total 
energy of the radiation will be hit, where A is a constant dependent on the nature 
of the radiant ray. For a complex radiation, like white light, each component 
behaves in a similar manner, and the total energy of the radiation will be the sum 
of the effects produced by each, that is Ehlt, 
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In a letter to J. W, Goethe in 1810, T, J. Seebeck stated that a mixture of 
hydrogen and chlorine gases contained in a clear glass vessel exploded in sunshine ; 
but that under a dark blue glass, combination occurred in one minute without 
explosion ; while under a dark red glass, the action either took place very slowly or 
not at all. J. E. Bcrard (1813) believed that the maximum effect was produced 
by rays in the violet part of the spectrum, and in 1844, J, W. Draper showed that 
the maximum effect is produced by the indigo rays, and that the effect gradually 
diminishes towards each end of the spectrum. It is not satisfactory to define 
specific parts of the spectrum by colour. R. Bunsen and H. E. Roscoe established 
tlxo accuracy of the main thesis which located the more active rays for this par- 
ticular reaction, about the violet end of the spectrum. According to J. M. Edor, 
light of every colour, from the extreme violet to the extreme red, and also the 
invisible infra-red and ultra-violet rays, can cause chemical action. All depends 
on the nature of the light sensitive medium. 

Although the rays which are absorbed by a, substance are alone capable of pro- 
ducing chemical action, the converse proposition does not obtain. Only a definite 
fraction of the total radiant energy absorbed by a system can do chemical work ; 
and R, Bunsen and 11. E. Roscoe inquired : What fraction of the total energy 
absorbed by a mixture of chlorine and hydrogen is utilized in chemical action ? 
They found that more energy is aijsorbed when light passes through a mixture of 
equal volumes of hydrogen and chlorine than when it passes through a cylinder 
containing the same amount of chlorine alone. The amount absorbed by the 
hydrogen is immeasurably small. The amount absorbed by the chlorine, called 
the optical extincliotf, was supposed to be spent in raising the temp, of the chlorine ; 
and the additional amount absorbed when the chlorine is mixed with hydrogen is 
spent in doing chemcial work, was called the photochemical extinction. Hence, they 
concluded : 

Of the rays from a gas-jet which are absorbed by the mixture of hydrogen and chlorine, 
two-thirds servo to lieat the gases, while the remaining third is spent in performing the work 
necessary to put the two gases into such a fjondition that they can enter into chemical 
combination. 

K. Pringsheifu considered that it is [mrely an hypothesis to assume that the 
proportion of radiant energy which heats the gas remains the same when the gas 
is mixed with hydrogen and is undergoing chemical change. A larger proportion 
of energy may be used for activating or altering the condition of the chlorine so that 
it rea<5ts to form hydrogen chloride. 

C. H. Burgess and D, L, Chapman hold that 

The light absorbed by mixtures of chlorine cither with hy<lrogen or with an inert gas 
such as oxygen is almost th(3 same as it would bo if the same beam of light were made to 
traverse the same column of chlorine from which the diluting gas has boon removed. There 
is no iiidioation that the light w'hich brings about tlie chemical change is distinct from that 
absorbed by the chlorine in virtue of its optical proj)orties. The energy wliich brings about 
th(3 chemical change is derived from the light absorbed by the moist chlorine. 

At present little more can bo stated than is supplied by Stokes’ dynamical theory 
indicated previously. The energy absorbed by chlorine is gradually dissipated as 
heat ; and in presence of hydrogen, ]>art of the absorbed energy confers on the gas 
the property of more readily combining with those substances for which ifc has aji 
affinity. 

Just as in Faraday's law the amount of electrolysis is proportional to the current 
passed through an electrolytic cell, so in Grotthus’ law, the amount of photolysis 
is proportional to the absorbed energy of short enough wave-length to start chemical 
action. The departures from Apparent proportionality can be explained in a 
similar way, the former by the phenomenon of residua! currents or‘>*polarization, 
the latter, as shown by P. Villard, by the existence of a limiting low exposure 
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beyond which no sign of photolysis can be detected. M. B(*Tthelot and H. Gandechon, 
and M. Trautz say that high frecjiumcy of vibration of light is analogous to high 
temp, in thermal reactions, so ^V. R. Mott says that a high vibration frequency of 
light is analogous with decomposition voltage in electrolysis. I’lio longer waves 
in the infra-red })roduce very few chemical effects, while the shorter waves in the 
violet and ultra-violet chemically inlluence an enormous number of substances. 
Curves of photoelectric effects wit!) light of different wave-lengths are similar to 
those with different deco]n])osition voltages. The lluorides are stable and resist 
the action of light more than the other halides — c.7. silver fluoride is not appreciably 
affected by light. The decomposition voltages of the halide acids, and their 
sensitiveness to decomposition by light of different wave-lengths, run parallel. 


I’ABLK IV. 


DetioiniK)sitloii 

vuktiKe, 


.Hyclrotliioric acid . . 2 2 

liydrochloric aciti . . 1*7 

itydrobroniic acid . . ] -2 

JHydriodic acitl . . 0 (5 


SeuHitiveupSM to light of <lifror(*iit wuvti-lengthH. 

j Not decomposed by the far ultra-violet 
I Slightly dccompost^d by Ibo far ultra-violet 
Kasily decomposed by tho ultra-violet 
! Kasily decomposed by blue light 


1 he inrtueuc(^^ of light on ih<^ three gaseous systems in (jiiariz, uviol, and Jena 
glass vessels, wliicli perinittcd t.lic determination of pliotoeheinical equilibrium in 
three different ])arts of the spectrum, has been investigated from both sides of 
the equilibnmn Xad-Hii^UJlX, by A. (.Wm and K. Stuckardf. The ])ercentage 
decompositions of the hydrogen halides arc as follows : 


Hydrogen iodide . 
Hydrogen hromidt^ 
Hydrogen chloride 


(iuiirtz kIii-ss, 

92*'* 

100*0 

0*42 


1 viol gllMS, 
*25 4^ u 
100 
c. 20 
0 


Jena glass, 

100 

0 

0 


The temp, coeif. of pliotocheuiie.al reactions were shown liy M, Tadoa and C. Butironi 
to vary with the wai e-length of the light used. 'I’hus, with hvdrogen and clilorine, 
the trnnp coefl o the reaction \sV2d for white light ; f OO for grmi light (f>:i<)-r>50ua) ; 
I dl for blue l.gl.t (470 ; 1-Jl for violet liglit (TiO-dGOnu); and BIT for 

ultra-violet light (dbCMUO/a/t) . 

' According to K Warburg, the photolysis of hydrogen bro.niilo by radiations 
of wave-lengths O-209,i and O-^b-V |)cr unit of energy absorf.e.l in,. reuses with the 

Ttir n of ■ n Vi V" ''W ‘^>"«t,ein-s theory of photochemical 

action indicate,! above. I he law can hohi only when the work re, mired in the 

dec.omposd.i.,n of t m moie,.ulc is sinalhw than the ,iuantnm of tlie decomposing 
iadiati,)n. Plus relation is fnihlled with hydrogen firoinide with the two wave- 

)-”09 r fn,! ’ f V ammonia by the wave-length 

0 -.0.),* and of oxygon hy the wave-length ()-2r,,V. Tho ileviations found in the 

ast two cas,>s are th,-r,Tore explained. The n,atliemati,.,al theory of the rea,;tion 
has heon studied by J. A. (Iinstianscji. 

chlorine.- Consonant with .J. W'. Drajmr s observation tliat chlorine 
which }ia.s be,m ins,>Iut.cd is nmre aefavo idiomically than chlorine which has n,)t 

17 f ’ V persists many hours, B. A. Favre and 

J J. Silbennanny found that the heat evolved ,luring the action of insolated 
ur‘"i,^ I,® groAter than that of non-irisolated chlorine by some ,3') cals 

sp. ht. of the msolated and non- insolated gas. It. V Veriwm foinul floif ,.lil<,r5n» 
subjected to the silent di,schargc suffered im .>hango in vmlutne ; nor ,iould E. llriner 
and K. Durand detect a change in volume of the order of :„7l„-„tli. G. KUmmell and 
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F. Wobig found no difference in the relative density of illuminated and non 
illuminated chlorine. By leading the electrolytic gases via separate tubes into the 
insolation vessel of the actinonu^ter, Fig, 5, and exposing the chlorine on its way 
(a) to acetylene light ; or (6) to the silent discharge ; or (c) to the heat of a Bunsen 
flame, J, W. Mellor (1904) found the period of induction was considerably abbre- 
viated. M. Bodenstein and H. S. Taylor estimate that with highly purified gases, 
the activity induced by light docs not persist longer than 6 XlO“*i sec. and that the 
observed activity of the insolated gas must be due to an entirely different cause. 

C. Kellner (1892) patented the exposing of chlorine to the silent electrical 
discharge in order to make it more reactive in the preparation of bleaching powder ; 
F. Russ (1905) also showed that chlorine activated by the silent discharge is more 
active in chlorinating benzene than ordinary (dilorine. It is suggested that the 
ultra-violet rays and a certain content of moisture are necessary fa(‘-tors in the 
activation. According to S. Larsen, electrolytic chlorine is more a(‘tive than ordinary 
chlorine, and when used for making bleaching powder, furnishes more calcium 
chloride and oxygen gas, but S. P. Pcrchlaiid could detect no difference, other than 
that due to its greater content of carbon dioxide as impurity. K. Fa])inyi claims 
to have prepared chlorine by diiferent processes, each of which furnished chlorine 
water which decomposed at different rate.s in light; but »l. von Fenuitzy showed 
that the results an^ due to the presence of different ])roportions of chlorine oxide, 
as an impurity, in the chlorine ])rcpared by different pro(‘e,ssos. 
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§ 6. The Preparation of Hydrogen Chloride and Hydrochloric Acid 

One compound of hydrogen and chlorine ia known with certainty. It is called 
hsldrogen chloride, hydrochloric acid gas, or muriatic acid gas, and symbolized HCl. 
Its aq. soln. is called hydrochloric acid, which also is often represented by the same 
symbol as the gas. The names murinlM acid and S2nrit of salt were used by the 
early chemists, as indicated in connection with the history of chlorine. There is 
a little evidence indicating the presence of a perchloride or trichloride of hydrogen 
HCI 3 , analogous with hydrogen tri-iodide, IIT 3 , in the liquid formed when chlorine 
is dissolved in the cone. acid. Hydrogen chloride or hydrochloric acid occurs in the 
emanations from fumaroles and volcanoes ; in the rivers and streams which originate 
in volcanic districts ; and in the gastric juices of man and other animals. Salts of 
the acid — ^the chlorides— are very abundant. 

As already indicated, hydrogen chloride is formed by the direct union of the 
elements. The two gases do not combine in darkness ; H. Gautier and H. Helicr 1 
kept the mixed gases between IT) and 16 inontlis iiv darkness without sign of com- 
bination ; in daylight the gases gradually unite, and this the more rapidly the more 
intense the illumination, until, in sunlight, the mixture explodes. Similar remarks 
apply when the mixed gases are illuminated by artificial light — with the light from 
a candle, gas or oil flame, the gases combine comparatively slowly ; but when 
illuminated by more intense light- -e.g. the lime light, magnesium flash-lamp — the 
mixture may combine explosively. J. \V. Mellor and E. J. Russell found that if 
the gases are well dried, no explosion occurs in sunlight, and about 30 per cent, 
combined after three days’ exposure to June’s sunshine. 

Hydrogen burns in chlorine, and chlorine burns in hydrogen. According to 
C. Ftedenhagen and C. Killing, the temp, of the chlorohydrogen flame is a little 
higher than Bunsen’s flame. According to C. Killing, the hydrogen flame on a 
Welsbach mantle in chlorine ^ves a bright green light. The mixture of gases — 
moist or dry — explodes when ignited by an electric spark. According to H. B. 
Dhcon, the explosion wave travels at the rate of 1745 metres per second in the 
electrolytic mixture of hydrogen and chlorine dried by cone, sulphuric acid, and 
nearly IJ per cent, slower, or 1729 metres per second, in the moist gas. With an 
exness of hydrogen, the rate is faster, being 1849 metres per second in the mixture 
2 H 8 +C 18 ; and 1866 metres per second in the mixture 3 H 2 -f CI 2 . 

According to P. Pteyer and V. Meyer, the gases are ignited if they be heated in a 
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closed vessel between 170° and 240° ; or if a stream of the gas 
430° and 440°. The ignition temp, depends so much on the conditions undef wbkb 
the gases are heated that very variable numbers have been reported. J. W. Mellor 
and E. Russell found no explosion occurred with bulbs of the dried gases at 450°, 
whereas the moist gases exploded at 260°. According to J. L. Gay Lussac and 

L. J. Th6nard, the mixed gases can be exploded by a piece of brick at 150°, while 
platinum black (S. Cooke), or charcoal (J. F. L. Meslens), may produce an explosion 
at ordinary temp, in the dark ; in any case, they start the gases reacting — 
presumably by catalysis. According to F. Mathieu, when a mixture of hydrogen 
and chlorine is exposed to the spark of an induction coil, explosion occurs only 
when the mixture has between 8*1 and 85*7 per cent, of hydrogen; while when 
exposed to the radiation from the magnesium flame, the limits are 9*8 and 
52*5 per cent, of hydrogen. The difference is attributed to the good conductivity 
of hydrogen for heat. 

E. J. A. Gautier and H. Helier * found that in light, the rate of the reaction was 
augmented by increasing the proportion of chlorine beyond that required for the 
reaction : H 2 +Cl 2 == 2 HCl ; similarly also with hydrogen, but the effects were less 
pronounced than with the hydrogen. In agreement with M. Bcrthelot’s suggestion, 
the results were presumably disturbed by the walls of the containing vessel. 
R. Bunsen and H. E. Roscoe showed that the presence of oxygen as an impurity 
retards both the period of induction and the rate of combination ; and, according 
to D. L. Chapman, for small quantities of oxygen as an impurity, the velocity of the 
photochemical reaction is decreased proportionally with the increase in the amount 
of oxygen. According to R. Luther and E. Goldberg, the photo-chlorination of 
hydrocarbons is inhibited by oxygen, and E. Goldberg suggests that oxygen acts as 
a specific poison to chlorine in photolytic changes. The desensitizing action of 
oxygen has also been noted in other photolytic reactions — e,ff. mercuric chloride 
and oxalic acid ; the silver halides ; etc. In M. Bodenstein’s first hypothesis, the 
retarding effect of oxygen is explained by assuming the electrons are partially 
consumed in activating the oxygen to form ozone which in turn re-forms oxygen ; 
in his second hypothesis, the newly formed molecules of hydrogen chloride com- 
municate part of their vibratory energy to oxygen molecules instead of to the 
reacting gases. Instead of using R. Bunsen and H. B. Roscoe’s actinometer, 

M. Bodenstein and W. Du;^ exposed bulbs of the mixed gases to light for a definite 
period, and solidified the hydrogen chloride and the residual chlorine by cooling with 
liquid air. The partial press, of the unused hydrogen was then determined. They 
thus established the facts : The reaction is of the second order, and is proportional 
to the square of the chlorine concentration ; while the concentration of the hydrogen 
is without influence if not less than one-fourth the volume of the chlorine be prcvsent. 
With smaller concentrations of hydrogen, the volume decreases slightly. The 
hydrogen chloride formed in the reaction has no influence on the speed of the reaction. 
Oxygen retards the reaction in such a way that the velocity of all stages of the com- 
bination is inversely proportional to the oxygen concentration. If I represents the 
quantity of light absorbed in the reaction ; t the time ; and if concentrations be 
represented by symbols in square brackets. 


d[2HCl]_,-[ClJ2 


R. Bunsen and H. E. Roscoe’s observation that an excess of hydrogen lowers the 
sensitiveness of an electrolytic mixture of hydrogen and chlorine is regarded as an 
erroneous result caused by the contamination of the hydrogen with oxygen. Unlike 
M. Bodenstein and W. Dux, D. L. Chapman and L. K. Underhill found that ‘‘ as 
the partial presd. of the hydrogen is increased from zero, the rate of formation of 
hydrogen chloride per unit volume of the mixture is at first almost proportional to 
the concentration of the hydrogen, but the ratio of partial press, of hydrogen to 
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velocity of interaction rises continuously in value as the jiroportion of hydrogen is 
increased, and when the press, of hydrogen has attained a detinite value, the rate of 
formation of hydrogen cdiloride becomes a maximum, and then, as the proportion of 
hydrogen is still further increased, the rate of interaction of chlorine and hydrogen 
falls very slowly/’ D. L. Chapman and J. R. II. Whiston also find that their 
results agree with a fairly close ai)proximation to 

d[2iici]_ jcy 

~ dl ^ [O2J 

that is, assuming that the term J[Cl 2 ] is proportional to the radiation absorbed per 
second, the rate of formation of hydrogen chloride is proportional to the radiation 
absorbed, and inversely as the concentration of the oxygen. D. L. Chapman and 
J. R. II. Whiston also found that with moist gases the amount of hydrogen chloride 
formed in unit time is almost independent of the press., which would not be the case 
if M. Bodenstein and W. Dux’s formula w^ere accurate. 

II. Sirk heated mixtures of hydrogen with from 3*5 to 81*6 per cent, of chlorine 
for 60 minutes at 242*5*^, in darkness, and then measured the amount of combination. 
With the mixture containing 3*5 per cent, of chlorine, 0*5 i)er cent, of gas was con- 
verted into hydrogen chloride; with the mixture with 51*5 per cent, of chlorine, 
8*6 per cent, into hydrogen chloride, and with the mixture with 81*6 per 
cent, of chlorine, 12*0 per cent, was converted into hydrogen chloride. The 
reaction is neither bimolecular nor unimolccular. The initial velocity is approxi- 
mately tliat required for a unimolccular reaction, being proportional to the 
concentration of the cldorine and independent of that of the hydrogen chloride or 
hydrogen. In that case log { a/(c— a?) ] , where a denotes the percentage 

amount of chlorine initially present ; x, that of hydrogen chloride ; and k is tlic 
affinity constant approximately 0*0012. K. H. A. Melandcr found the reaction 
between 205'^ and 2.55"" to be bimolecular. The temp, coefi*. ot the reaction studied 
by E. J. A. Gautier and H. Holier, was approximately eq. to an im^rease of 1*6 for 
a rise of 10"^. K. H. A. Melandcr found the temp, coeff. of the bimolecular reaction 
n2+Cl2=^2HCJl between 205'’ and 255'’ to be 2*01, and he noted that the presence of 
sulphur dioxide or sulphuric acid, accelerated the reaction to a marked extent. It 
is assumed that sulphury 1 chloride is formed as an intermediate compound. 
P. V. Bevan found the temp, coell. for white light to be 1*21 for 10'’. 

W. P. Jorisseu and W. E. Ringer ^ found a slight forniation of hydrogen chloride 
after exposing for 33 hrs. a mixture of hydrogen and clilorine to those ra 3 ^s from 
radiujji which will penetrate thin layers of glass. H. S. I’aylor found the reaction 
velocity of hydrogen and chlorine under the influence of a-radiaiions to follow the 
unimolccular law. The difference in the order of the reaction under the influence 
of light, and of the a-radiations, is attributed to the relatively larger amount of 
energy absorbed from incident light by the chlorine. J. J. Tliomson found the rate 
of combination of an insulated mixture of hydrogen and clilorine wa.s not aflected 
by exposure to X-rays, thorium radiations, etc. M. Ic Blanc and M. Vollmcr found 
that 0*03 c.c. of hydrogen chloride was formed during 50 secs.’ exposure of a mixture 
of hydrogen and chlorine to the X-rays. It is estimated that a single electron can 
bring 10^ molecules into reaction. A, de Ilemptinne found a mixture of hydrogen 
and chlorine at the moment of explosion is electrically conducting; but M. Traiitz 
and P. A. Henglcin found no evidence of ionization during the reaction between 
chlorine and hydrogen, nor between chlorine and hydrogen bromide: 2IIBr-l-Clo 
^Br2+2HC1. 

Hydrogen chloride is produced in numerous reactions such as when chlorine acts 
on various hydrogen compounds of the metals or the non-metals. Clilorine does not 
attack hydrogen fluoride, but it does attack hydrogen sulphide, hydrogen iodide, 
ammonia, phosphine, arsine, boron hydride, water, etc., witli the formation of hydro- 
gen chloride. In many cases the action occurs at ordinary temp. Deacon’s process 
for chlorine is based on the oxidation of hydrogen chloride by oxygen ; but as 
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'‘’a|+b^ab+c‘'^ 



Time 

Fig. 7. — Balanced Re- 
action : AB + C 
AC-I-B. 


already shown, the reaction is reversible, and chlorine attac.ks steam forminf^ 
hydrogen chloride and oxygen. Water is not decomposed by chlorine in darkness, 
but is slowly decomposed in daylight, more rapidly in sunlight. Steam is decomposed 
when it is mixed with chlorine and passed through a red-hot tube— oxygen and hydro- 
gen chloride are the products of the reaction. This reversal of the Deacon process 
takes place much more rapidly if an oxidizable substance is present capable of 
removing the free oxygen from the system as fast as it is formed. According to 
R. Lorenz,^ and H. D. Gibbs, if the tube contains carbon, the reaction is symbolized : 
C+H2O+OI2— CO+2HC1 ; but A. Naumann and F. G. Mudford state the primary 
reaction is 2012+21120+^—41101-1 CO2 ; and the carbon 
monoxide present in the gas is a secondary effect of the 
reduction of the carbon dioxide by the excess of carbon, as is 
evidenced by the greater yield of carbon monoxide if the column 
of carbon is made longer, or if the gases are passed through 
the tube more slowly. Some carbon monoxide may be oxidized 
by the chlorine and steam : Cl2+H20+C0-^0()2+2HC1. If 
steam be in excess, some hydrogen is formed, and this the more 
the higher the temp, or the longer the gases are in contact with 
the hot carbon. When many organic compounds are treated 
with chlorine, part of the hydrogen is evolved as hydrogen 
chloride - r.7. with tur|)entinc. ordinary temp. : 

Ci()Hiq+ 8C-- UKJU f lbH(d ; and hydrogen chloride is a by- 

])roduct in tlie prejia ration of chlorinated organic compounds — c.r/. chlorobenzene, 
chloro-acetic acid, etc. A. Mitschcrlich says that all organic compounds are decom- 
posed by chlorine at a red heat- -the hydrogen forms hydrogen chloride, and if oxygen 
be present, part or the wdiole of the carbon is oxidized to carbon monoxide or dioxide. 

Several chlorides ar('. reduced by lieating them with hydrogen -e.r/. many chlorides 
of the heavy metals — 2AgCl-f-ll2— 2Ag -1-21IC11 ; and, according to W. Spring,® even 
the alkali chlorides are reduced by hydrogen at a red heat. A. Jouniaux has reported 
a curious phenomenon in connection with the reduction of silver chloride or bromide 
by Jiydrogen. hi the reaction AB-|-G;f^AC+B, 
the idea that at. any assigned temp, the composi- 
tion of the c(|uilihrinTn mixture is the same no 
matter whether this state he approached from the 
left side, AB-|-(\ or from the right side, AC+B, of 
the equation, is illustrated by Fig. 7. The balanc- 
ing of such a reaction, however, does not «always 
furnish the same equilibrium mixture when it is 
approached from different sides. Thus, A. 

Jouniaux ( 11)01 found that in the reaction 2AgCl 
+ Fi2^*^lB'hh2 Ag the reduction of silver chloride 
by hydrogen stops before the system has attained 
the same condition as is olitained when hydrogen 
chloride reacts with silver. The curves, Fig. 7, are plotted from the experimental 
<lata obtained, starting with tubes .4, containing silver chloride and hydrogen, and 
tubes, R, containing hydrogen chloride and silver — at 448'. 
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8,^ — False Equilibrium. 


Time heated 
Ter cent. HCl (A) 
Per cent. HCl (B) 


7 8 
71-J 
960 


24 

81-6 

93-9 


36 

82-5 

92-9 


70 

88-7* 
91 -S* 


408 

88-8 

91*6 


504 brs. 
S8-4 
91 5 


The numbers succeeding the asterisk show that equilibrium w'as in all probability 
then attained. The dotted curve, Fig. 8, shows the ])robable state which would 
occur if the reactions balanced as in the ideal state indicated in Fig. 7. Indeed, if 
the temp, exceeds 490", the final state is the same whatever bo the initial products. 
The space between the two lines represents a system below 490'' in what P. Duhem 
calls un etal tie faux eqnilihre. The region w+ere there is no reaction and where 
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the state of false eqLuilibrium occurs, is not stipi)led in the diagram. Several other 
examples of the phenomenon have been recorded. H. Pelabon has reported a 
similar phenomenon in connection with the reduction of silver sulphide by hydrogen, 
and in the action of hydrogen on sulphur or selenium. R. Engel (1885) stated that tbe 
equilibrium in the reaction MgC03,3H20+NHC03+nH20^MgC08.KHC08.4H20 
+(n— 1)H20 is not the same when approached from different sides. E. H. Buchner 
(1908) found tliat if the reaction is allowed to progress 32 days instead of a 
few hours the same final condition is attained from whichever side equilibrium 
is attained. There are reasons for the suspicion that the mixture was assumed 
to be in equilibrium when it was really not so ; ’ and that there are no 
experimental grounds for the theory of false equilibrium unless some complication 
is involved such as was observed by H. Pelabon in the case of bismuth and hydrogen 
sulphide, where the formation of a film of bismuth sulphide protected the metal 
from the fxirther action of the hydrogen sulphide. 

The source of most of the hydrogen chloride manufactured on a large or small 
scale is one of the common chlorides. In the laboratory the gas is usually prepared 
by heating a mixture of sulphuric acid and sodium chloride ; the gas can be dried by 
calcium chloride or cone, sxilphuric acid, Fig. 9. and collected over mercury, or 
by the upward displacement of air. Cone, sulphuric acid acts 
vigorously at ordinary temp, forming a very viscid mixture 
wlien warmed : if the acid be diluted with one-sixth to one- 
fourth its weight of water, the gas conies off at ordinary 
temp., and the mixture froths a little when warmed; with 
equal parts of acid and water very little gas is given off at 
ordinary temp., but a copious quantity is given off when the 
mixture is warmed. If 100 parts of sodium chloride and 
about 170 parts of cone, sulphuric acid be used, the sodium 
chloride is all decomposed on the afiplication of a gentle heat, 
and the residue* is easily emptied from the flask. With a 
larger pro])ortion of sodixun (‘hloridc the reaction is not 
complete. The txirbxilcxxee of the reaction can be lessetied by 
using fragments of rock salt.^ 

The reaction seems to occxir in two stages. In the one 
stage at the lower temp, sodium hydrogen sulphide, NaHS04, 
is formed, NaC]+H2SO4--NaHSO4+HCl+0'8 Cals. Accord- 
ing to C. W, Volney,® when a mol. each of sodium cliloride and 
sulphuric acid (sp. gr. 181) are treated at IS*^, the reaction is 
symbolized 2NaCl+2H2S04~NanS04.H2»SO4 | HCI j-NaCl ; and when the mixture 
is heated to 12(f , there is a further evolution of hydrogen chloride : NaHS04.H2S04 
+NaCl^^2NaHS04+HCl. In tlie next stage, sodium sulphate, Na*>S04, is formed 
at about Na(.l+NaHS04-Na2S()4 } 1101+15 (/als. or 2NaCI+HoS()4-=Na2S04 
+21101+15*8 Cals. (I. Neumann recommended treating carnallite with cone, sul- 
phuric acid in a similar manner. The same gas is sometimes made in the laboratory 
by dropping cone, sulphuric acid into cone, fuming hydrochloric acid containing 
sodium (hloride or ammonium chloride. L. L. de Koninck decomposed ammonium 
chloride by dropping cone, sulphuric acid directly on solid ammonium chloride. 

H. Erdmam^s fipparatus for preparing hydrogen chloride in a Kipp’s apparatus is 
illustrated in Fig. 0. The middle bulb of the Kipp’s apparatus contains ijumioo stone ; 
tho upper and lower )>ulb8 contain hydrochloric acid ; the upper end of Kipp’s apparatus 
is closed by a rubber .stopper liitod with a bulb containing x^otash lye. Tho separating 
• funnel contains cone, sulphuric acid, and it leads to tho inner bulb via a trap A containing 
suflicieiit mercury t-o cover tho opening of the down-tube from the separatory funnel. 
Otherwise tlie diagram explains itself. A wash-bottle can bo fitted to the exit tube J/ in 
the orrlinary way. 

Tn the manxxfactxire of salt cake, about half a ton of salt, in a cast-iron pan 
built in brickwork, is treated with sulphuric acid (sp. gr. 1*7) ; torrents of hydrogen 
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chloride escape through a flue in the dome of the brickwork. When about 70 per 
cent, of the hydrogen chloride has escaped : NaCl+H2S04=NaHS04+PICl, the 
mixture is raked into another part of the furnace, where it is heated to redness. The 
remainder of the hydrochloric acid escapes vid another flue : NaHS04H-Na(^l 
=rNa2S04+HCl. In Hargreaves’ process, a mixture of sulphur dioxide, air, and 
steam is passed over salt heated to about 530®. The reaction is represented : 
4NaCl+2S02+02+2H20— 2Na2S04+IHCl. The hydrogen chloride evolved in 
either of these processes is absorbed by water. In the early days of the Leblanc 
salt-cake process, the hydrochloric acid was allowed to escape into the air ; as the 
use of the process extended, serious damage was caused by the escaping fumes ; and 
manufacturers were compelled to consider the advisability of condensing the acid. 
In 1836, W. Gossage adapted Gay Lussac’s coke tower for the purpose, but even 
then a considerable amount of acid escaped. By the Alkali Act of 1863 manu- 
facturers were compelled to adopt an efficient means of condensing the acid, for they 
were not permitted to allow more than 5 per cent, to escape into the air ; and by the 
Act of 1874 this amount was reduced to 0*2 grain of HCl per cub. ft. of gas. The 
problem of condensation not only involves the removal of the acid from the flue 
gases so as to satisfy the requirement of these regulations, but it also involves the 
condensation of the acid in such a form that only saleable cone, hydrochloric acid 
is produced. The results now attained are so good that between 90*25 and 99*5 per 
cent, of the gas in question is recovered in the form of hydrochloric acid of sp. gr. 
1*17. The best conditions for the condensation require to be adapted to (i) the 
temp. ; (ii) the concentration of the hydrogen chloride in the flue gases ; and (iii) the 
time the gases arc in contact witl) the absorbent water. The hot gases are cooled 
by passage through tanks or batteries of tubes, or 
stoneware W^oullie's bottles with a counterflow of 
water, and subsequently passed up large towers filled 
with coke, or earthenware balls or discs. A spray 
of water descends from the top of the tower and 
meets the gases rising upwards from the base. It 
is said that R. (Vdlarius’ receiver, Fig. 10, gives Fnu 10. — R. Collarius’ Receiver, 
satisfactory results. Water flows in at A, then over 

the saddle, and out at B ; the gas enters at C and escapes at 1), A large surface of 
water is thus exposed to tlie gas. The vessels can be kept cool by immersion in 
tanks of water. 

Water decomposes several chlorides of the non-metals, but not carbon tetra- 
chloride. Water decomposes the chlorides of aluminium, and tin at ordinary 
temp. ; lead chloride is decomposed by steam at 110®, and even the alkali chlorides, 
according to W. Spring, ^2 arc decomposed by steam at temp, exceeding 5(X)®, and 
W. Mills proposed to obtain hydrogen industrially by beating sodium chloride with 
water gas. With sodium chloride, the thermal value of the reaction with steam is : 
2NaCl4 2H20~2Na0n+2HCl— 61*6 Cals.; with magnesium chloride: MgCl2 
+H20~MgO-f-2HCl— 210 Cals. ; and with calcium chloride/similarly, *—52*0 Cals, 
are required. Hence, less energy is probably required to form hydrogen chloride 
by the action of steam on magnesium chloride than is the case with sodium or 
calcium chloride. As a rule, a highly endothermic reaction usually requires pro- 
longed furnace operations which are costly in labour, fuel, and refractory linings for 
the furnaces. 

Instead of decomf)Osing sodium chloride with sulphuric acid in order to obtain 
sodium sulphate, attempts have been made to prepare hydrogen chloride from sodium 
chloride, leaving a by-product of greater commercial value than sodium sulphate. " 
Some of these processes furnish chlorine — q,v. Most of the proposals have either 
not been applied at all on an industrial scale, or else have had a very brief industrial 
life. For example, it has been proposed to heat an intimate mixture of sodium 
chloride and clay with steam, and to obtain sodium silicate and hydrogen chloride 
as products of the|main reaction. A. Gorgeu has shown that clay with about 35 per 
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cent, of alumina decomposes about 22 per cent, of its weight of sodium chlori(Je 
at about 550^. The proposal failed on account of the cost of the wear and tear of 
the apparatus. The Daguin Co. treated a mixture of manganous and sodium 
chlorides with air containing about 10 per cent, of sul])hur dioxide ; the final ])rodiict.s 
were sodium sulphate, and hydrogen chloride — the manganous cliloridc acted 
catalytically t hrough the intermediate formation of manganese sulpliate. J. lowns- 
end used a mixture of magnesium sulphate and sodium chloride. 

Similar pro})Osals have been made to treat the enormous quantities of calcium 
chloride o1>tained as a by-product in many industries either to obtain chlorine (y.v.) 
or hydrogen chloride, j. T. Pelouze showed that when calcium chloride is mixed 
with sand to prevent fusion, it is readily decomposed by steam at a red heat with 
the co])ious evolution of hydrogen chloride, and the reaction was the basis of the 
K. Solvay patents in which the calcium chloride was mixed with sand or clay. 
W , Jiramley mixed the calcium cldoride with iron ore before beating it in a stream 
of air for chlorine, or with steam for hydrogen chloride. W . H. Seamon pro])osed 
to treat molten calcium chloride with acetylene to ])roduce cakaum (‘arbidc Jind 
hydrogen cliloride. 

The consumption of energy in the decomposition of magnesium chloride is much 
less than with sodium, or calcium chlorides. H. Davy knew that mafjnestu'tn 
chloride is decoTuposed when heated. Even on evaporating an aq. soin. of magnes- 
ium chloride, hydrochloric- acid is given ofT when the ratio ILt) : Mg(U2 i» less than 
6:1; and, with furtlier evaporation, tlie decomposition is so great that it was once 
believed the reaction: MgCl^ hHoO—MgO j-2HC'l, is complete. According to 
G. Eschellniann, when the iiydratecl salt, MgCl2.6U20. is lu?ated by itself to 250'', 
one-third of tlie chlorine is lost as hydrogen chloride, and the residue contains the 
cq. of 2Mg() f-lMgdo I No further change occurs if the tom]), is raised to 

but at bighcr teiii]). more hydrogem chloride is lost until, at r>r>0\ about half 
the c-hlorine is lost, and a white crystalline oxychloride MgO.Mgdo remains. Tliis 
oxychloride is solubles in water with the evcjlntion of inucli heat. Similar results are 
obtained if the suit l)e heated in a. stream of inert gas. 

The magnesium cldoride in the mother-licpiors of sea-water, and the waste 
products in the manufacture of ])otassiuni salts at Stassfurt, have attracted much 
attention. It is estimated that in the latter t‘.ase there is suHicient magnesium 
chloride to give enough chlorine, and hydrogen (ddoride to satisfy the requirements 
of the whole world, (r. Kschelliuann, and R. Kosmann have, studied the processes 
for the utilization of liiagnesium chloride In the manufacture of chlorine and hydro- 
chloric acid. The diif<*rent projxjsals to iiuinufact un* hydrogen eldoride from magnes- 
ium chloride have heen classified as : (i) Jh’ocesscs in which the magneshnn chloride 
IS heated in a current of steam. The luxating is done externally in suitable Ixnlers ; 

(ii) Prores.ses in wdiich the Tnag}i(\sinm <*hh»ri<k^ is heated with subslaiicos w]d<*1i 
lose ilieir Avater of crystallization at. a high teuip. magnesium sulpliattg 

cak'ium chloride, damp sawdii.st ; (iii) Proc(‘sses in which the magnesium 
cldoride alone or mixed with some otlier sul>stances is heated in st<\ani, directly by 
a flainc.i^ 

Soiuo ])roi)osaIs have been made for treating ammonium chloride o})tained by 
crystallization from the mother-liquor in K. Holvay's process. Jj. Mond (]8(S;3)i® 
])atented tjic heating of th(^ ammonium (diloride with siilplmric acid to 120", and 
converting the ammonium bisiilphate so formed with ammonia va])our to produce 
the jiormal sul])lmte. Later, L, JVlond (1886) conveyed the vapour of ammonium 
chloride over oxides of cobalt, nickel, iron, manganese, aluminium, co])per, or 
magnesium, wliicli retain tlm hydrogen chloride. F. Gilloteaux pro]>osed heating 
the ammonium chloride with sodium or ammonium bisul]»liate wliereby hydrogen 
chloride is evolved, and the normal sulphate: 2NaHS044-2NH.d'i 2Hf'l 
-|-{NH4)2»^G4-f-Na2.>S04. W^hen the normal sulphate is heated ammonia is given 
off and the bisiilphate reformed: (^£4)2804 ! Na2804r_^^2NJl3H 2NallR04. The 
first-named reaction is not complete, and L, Mond considers that there is no reaction 
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between ammonium chloride and bisulphate. If the temp. iuS high enough, the 
bisulpliate alone sublimes. 0. N. Witt proposed treating the ammonium chloride 
with syrupy phosphoric acid ; hydrogen chloride and ammonium phosjjliate are 
formed, and when the latter is heated further, ammonia and vitreous phosphoric 
acid are formed. There is a dilliculty in finding materials to resist the corrosive 
action of the phosphoric acid, and only 63*6 to 86* 1 per cent, of the ammonia is 
recovered. 

Impurities in hydrochloric acid* — The chief impurities found in commercial 
hydrochloric acid are (i) Sulphurous acid produced by the action of the sulphuric 
acid on the iron, or on organic matter, (ii) SulphuriG acid derived from the acid 
used in decomposing the salt ; in bad cases over 2 per cent, may bo present, 
(iii) Free chlorine derived from the action of oxidizing agents on the hydrogen 
chloride, (iv) Ferric chloride derived from the iron vessels with which the acids come 
in contact, (v) Arsenic largely derived from the [>yrites used in making the sulphuric 
acid. The arsenic forms arsenic trichloride, and in that form gets to the condensing 
apparatus, (vi) Selenium compounds have been found in hydrochloric acid by 
W. Crookes, and, according to W. B. Hart-® this is the cause of the yellow colour 
of the acid ; T. Bay ley says the yellow colour is due to organic matter ; and others 
have attributed it to ferric chloride, (vii) Bromine has been reported by 
W . Crookes and G. C. Wittstein ; (viii) hydrofluoric acid, by J. Nickles ; (ix) iodine 
(x) iind thallium by W. Crookes ; and (xi) copper by L. R. W. McCay. 

Purifleation of bydrochloric acid* — When pure hydrochloric acid is recjuired, it 
is usually best to prepare it with pure materials rather than attempt to purify the 
impure acid ; and the commercially jnire acid is usually satisfactorily pure. 
T. W. Richards and R. C. Wells found it sufficient to treat the purest acid of 
commerce with a few crystals of potassium permanganate. The soln. was diluted 
and boiled so as to ex])cl bromine and iodine, and oxidize any trace of organic 
matter which might be present. The soln. was fractionally distilled and the middle 
fraction selected for use. C. Wigg removes sufyhiiric acid by barium or strontium 
chloride ; and sulphur dioxide by manganese dioxide. P. Haber and S. Grinberg 
remove chlorine by treatment with im*rcury. O. Bettendorf removed arsenic by 
treating the acid with stannous chloride and distilling the filtrate. If the acid be 
^yeaker than a sp. gr. 1*123, the precipitation will be incomplete ; and no precipita- 
tion occurs if the acid has a sp. gr. 1 * 100 — because, it is said, the arsenic is then 
present as As 20 ;{ instead of as A 8 CI 3 . According to H. Hager, the ]»roduct always 
contains some arsenic if the precipitate is not completely filtered oil before distil- 
lation : 3811(^2 i As 203 -t- 6 HCl -2A8-f 3H20-f 3Sn()l4. T. Mayrhofer has shown that 
mere oxidation of tlie arsenic cliloride to arsenic acid and subsequent distillation is not 
elfcetive, for the arsenic acid is decomposed by hydrochloric acid, especially on 
heating, forming arsenic trichloride, and this the more the greater the concentration 
of the acid. Hence proposals — by IT. Rose, R. Otto, E. Bensemann, A. Ilouzeau, 
H. B. Bishop, etc. — to oxidize the arsenic witli potassium chlorate and then distil 
tlie acid, cannot be effective. T. Diez and R. Otto treated the acid with hydrogen 
sul])hide, and distilled the filtered product ; R. Engel used sodium thiosufyhaie ; 
d. Leather, barium sulphide ; M. N. d^Andria, precipitated zinc sulphide ; and 
L. Dueller, sodium sulphide. H. Beckhurts distilled the acid from ferrous chloride 
rejecting the first 30 pev cent, of the distillate. L. T. Thorne and E. H. Jeffers 
claim to inake arseni(!-free acid by diluting the acid to be purified to a sp. gr. 1*10, 
and adding a piece of previously feebly calcined copper gauze to tlie boiling acid. 
After boiling an hour, remove the old copper gauze and add a fresh piece. The 
arsenic is precipitated on the cojiper. The treatment is repeated until the copper 
remains quite clean when boiled for an hour m the acid. The acid is distilled 
from a clean piece of copper gauze in order to prevent the ferrous chloride oxidizing 
to the volatile ferric chloride. 

Hydrochloric acid is comparatively cheap because it is produced in great abund- 
ance as a by-product in the manufacture of salt-cake. It cannot be stored in lead 
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or iron vessels because these metals are attacked ; it is usually stored in large glass 
balloons or large stoneware vessels. 
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§ 7. The Preparation o! Hydrogen Bromide and Hydrobromic Acid 

It is convenient to call the gas hydrogen hromidc, and a soln. of the gas in water 
hydrobromic acid. If a 48 per cent. soln. of hydrobromic acid is warmed with 
anhydrous calcium bromide, or if cone, hydrobromic acid is treated with phosphorus 
pentoxide, hydrogen bromide is obtained.^ Hydrogen does not unite with bromine 
or iodine at ordinary temp, even when exposed to sunlight. At 196*^, however, 
J. J[. Kastle and W. A. Beatty 2 found that bromine and hydrogen unite completely 
in sunlight, but not in darkness ; the amount of combination is approximately 
proportional to tlie time of exposure. At 100°, there is a slight formation of hydrogen 
bromide in sunlight. M. Bodenstein and S. C. Lind measured the velocity of the 
reaction under the influence of heat, and they did not find the reaction followed the 
bimolecular law. Hydrogen bromide retards the reaction more than corresponds 
with its presence as a product of the reaction. Iodine exerts a similar retarding 
influence. J. A. Christiansen explains M. Bodenstein and S. C. Lind’s results by 
assuming the formation of hydrogen bromide proceeds with the primary reaction : 
Br“|-H 2 ^HBr-fH, attended by H+Br 2 ^HBr fBr, and he calculates for the 
thermal value, Br4-HBrT=^Br2+H+43 7 Cals. 

If a stream of hydrogen be bubbled through warm bromine, the hydrogen which 
passes along is highly charged with bromine vapour, and when ignited, dense clouds 
of hydrogen bromide are formed. A. J. Balard 3 showed that if a mixture of 
hydrogen and bromine vapour be passed through a red-hot tube containing iron 
turnings hydrogen bromide is formed, and B. Corenwinder obtained a rapid combina- 
tion by passing the elements over heated platinized asbestos, or a hot platinum 
spiral. The platinum acts as a stimulant or catalytic agent. 

(>. P. Baxter and P. B. Coffin ^ used this process for preparing hydrobromiij 
acid for their work on at. wt. The hydrobroinic acid was condensed in water 
contained in a cooled flask. In order to remove iodine, the soln. was diluted with 
water, and twice boiled with a little free bromine. A small quantity of potassium 
permanganate added, and the bromine set free was expelled by boiling. The 
acid was finally distilled with the aid of a quartz condenser, and the first third 
rejected. 

According to A. J. Balard, ^ hydrogen bromide is not formed by passing a 
mixture of water vapour and bromine through a red-hot tube, but J. Bourson did get 
a mixture of oxygen and hydrogen bromide under these conditions at a high temp., 
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and C. Lowig found that bromino water in sunlight decomposes like chlorine water, 
but with greater diliiculty. A. J. Balard also noted in his historic memoir that 
bromine water with reducing agents — e.g, liypoplios])horous acid, sulphur dioxide, 
arsenic trioxide, hydrogen sulphide, hydriodic acid, and aq. ammonia form hydrogen 
bromide. Curtins and II. Rcliulz found that hydrazine hydrate Avitli an excess 
of bromine gives nitrogen and hydrogen hroinide ; ^ind A. (Jonuell that boiling 
bromine with fuming nitric acid furnishes some hydrogen l)romide. J . II. Gladstone 
reduced bromine with sodium thiosu1])hatc ; H. Pic'kles, with stannous chloride ; 
C. Mene, with crystallized sodium sulphite and witli calcium hypophosphite ; and 
E. Leger, with sulphur dioxide ; and P. Haiitefeuillo, with hydrogen iodide. 
A. Scott recommends passing a rapid current of sulphur dioxide through a mixture 
of 350 grms. of bromine and two litres of water, until a pale yellow homogeneous 
liquid is formed. This is then distilled in a gentle cuiTcnt of air until the residual 
liquid has a sp. gr. of about 11. The distillate is tlien re-disfcilled, rejecting the iirst 
fraction. The distillate is again redistilled from a little barium bromide to retain 
the sulphuric acid. It is claimed that, in the ordinary methods of preparation with 
phosphorus, the arsenic in the phosphorus forms arsenic bromide which contaminates 
the product. 

The bromides of phosphorus, sulphur, selenium, arsenic, and similar compoundvS 
furnisli hydrogen bromide when treated with water— c.jr. PBr3-l-3H20— H3JPD3 
+3HBr. Hydrogen bromide is also obtained by the joint action of bromine, water, 
and phosphorus.® 


The following ia a method commonly employed in tlio laboratory : Mix, say, 10 grms. 
of red phosphorus with 80 grms. of line sand, and place the dry inixturo in a diy distillation 

flask, Ay Fig. 11. Add about 20 
c.c. of water. Close the flask with 
a rubber stopper fitted with a tap 
£\miiol ].iy and delivery tube as in- 
dicated in the diagram. The end 
of tlie tap funnel is drawn to a 
firu^ point. Comioct the delivery 
tub(5 with a tower or a U-tube C 
otjulaining glass wool and slightly 
damp red phospliorus. Tho gas 
may be collected by the upward 
displacement of air, or absorbed in 
water as Ulustratod in tho previous 
diagram ; or collected over mer- 
cury, A’. In the latter cose, a 
safety funnel may be attached to 
the delivery tube at so that 
variations of press, inside tho ap- 
paratus may be rapidly adjusted 
About GO grms. of bromine are 

As 
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without risk of explosion and back suction of mercury, 

placed in the tap funnol, and allowed to fall, drop by drop, on the rod phosphorus, 
each drop of bromino comes in contact with the phosphorus, a flash of light is produced. 
Some prefer to keep the fhisk immersed in cold water during the early stagcis of the reaction, 
and to wrap a towel round the flask in case of an explosion. The heat of the reaction 
volatilizes some bromino which is ret-ainod by tlio phospliorus in tho U-tubo ; when all 
the bromine has boon run into tho flask, a further quantity of hydrogen bromide may bo 
obtained by gently warming tho flask. 'I’ho hydrogen bromide can bo dried by means of a 
tube packed with calcium bromide. 


The chemical reactions wliich occur during tho preparation of hydrogen bromide 
by the action of bromine on phosphorus and water, arc probably somewliat as 
follows : Phosphorus tri< and penta-bromide. are first formed ; these react with 
the water; PBra+SHaO-HgPOa^^HBr ; and: PBr5+4H20-Il3P04+5HBr. 
The whole reaction is usually represented on tho supposition that phosphorus 
tri-bromide is formed : 2P f GH20-f-3Br2=-2H3P(J3-| GlIBr. If too little water be 
present, some crystals of phosphonium bromide— PH^Br — may be formed in tlie 
flask owing to the decomposition of tlie liot phos£>lu)rous acid, HsPOo, as represented 
in symbols: 4H3P03^^3Il3p04+PH3 ; and PH3 f-HBr ^Pll4Br. 
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Hydrogen broinide is formed when bromine acts on hydrogen sulphide^ and 
liydrobromic acid is formcjd when hydrogen sulphide is passed into liroinine covered 
with a layer of water : H2S-l-Br2^2HBr-l-S. If sulphur dioxide be used in place 
of hydrogeti sulphide a pale yellow homogeneous liquid is obtained : S02+Br2 
+2H20^2HBr-|-H2S04. When this liquid is distilled an aq. soln. of hydrogen 
bromide is obtained. The reaction is reversible, sulphuric acid decomposes hydrogen 
bromide into liromine and sulphur dioxide. According to C, Harms, liydrobromic 
acid is formed by the action of bromine water and sulphur. 

Hydrogen broniide cannot be satisfactorily prepared by the action of sulphuric 
acid upon potassium bromide as in the preparation of hydrogen chloride by the 
action of sulphuric acid upon potassium chloride unless very special precautions are 
taken.® W hen the attempt is made, under ordinary conditions, colourless hydrogen 
bromide is first given off, but the issuing gas immediately acquires a yellow colour, 
and then a brown tinge, showing that bromine is also evolved. The issuing gas 
also contains sulphur dioxide. Hence not only docs the reaction : KBr”l“H2SG4 
=rKHS04H-HBr take place, but also the consecutive reaction : 2HBr+H2S04 
=S02+Br2+2H20, and the method is accordingly impracticable. If dil. sulphuric 
acid be employed with the idea of preventing an appreciable decomposition of the 
hydrogen bromide, the yield of hydrogen bromide is very small. If phosphoric 
acid be used in place of sulphuric acid, because phosphoric acid does not deoxidize 
so readily as sulphuric acid, the reaction : KBr -|'H3r04— KH2P04+JIBr, is 
rather slow. Other salts liave been used in place of potassium bromide — e.g. barium 
or calcium bromide ; and zinc bromide. W. Keit and K. Kubierschky warm a 
soln. of potassiuju bromide in sulphuric acid of sp. gr. l*il ; and distil it until 
sulphuric acid begins to pass over. The liquid product is then re-distilled and the 
fraction which passes over about 126"^ collected. It has a sp. gr. about 1*49 ; con- 
tains about 48 per cent, of HBr ; and is said to be free from bromine and sulphur 
dioxide. 

Hydrogen liromide is also formed when some of the metallic bromides are 
reduced to metals in a current of hydrogen. Thus, at a red heat witli silver bromide ; 
2AgBr+H2 ■ -2HBr |-2Ag ; and similarly, hydrobromic acid is formed when silver 
bromide suspended in water is treated with l!}'drogen sulphide.^ Hydrogen 
bromide is sometimes made by the action of hromiric on liydrocarbons — e,g, 
naphthlone, IJioHg ; benzene, ; anthracene, (hoHio ; i)arailiii ; etc., the gas is 
then more or less contaminated with organic proclucts, H. Erdmann's process 
is as follows : 

! 

Pour ]00 grrria. of dry benzene into a flask containing a few grins, of anhytlroiiB ferrous 
bromide, or fino iron powder, or aluminium powder. Rim 135 c.c. of bromine very gradually 
into the flask by means of a separating fuimel %vith the tube drawn out to a fine point. The 
flask should be put in cold water to prevent bromine or benzene from distilling ovi'si*. When 
about half the bromine has been added, the reaction runs so quietly that the cooling is no 
longer necessary. The reaction is symbolized : CbH ^ -f 2Br2 ==:CflTl xBrj + 2 f IBr. To scrub 
the gas from bonzono and bromine vapours, pass the gas through a large U-tube, one leg 
of w^hich is filled with ferric bromide, and the other with anthracene. For hydro- 

brornic acid pass the gas into water cooled with a freezing mixture. 
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§ 8. The Preparation ol Hydrogen Iodide and Hydriodic Acid 

B. Courtois (1813) i first prepared hydrogen iodide, HI, without recognizing 
its nature. Hydrogen does not unite with iodine at ordinary temp. ; but in his 
historic memoir on iodine, J. L. Gay Lussac (1814) showed that if hydrogen and 
iodine vapoiur be passed through a red-hot tube, union does occur. H. Davy also 
prepared le gaz de Viode, and E. Turner showed in 1824 that the reaction occurs at 
ordinary temp, in the presence of platimim black or platinum sponge. According to 
B. Oorenwinder, the two gases unite at 3(jC/' or The combination, said P. Ilautc- 
feuUle (1867), is only partial because the same catalytic agent decomposes hydrogen 
iodide. The reaction is therefore reversible as ])reviously discussed. M. Bodenstein 
claimed a 90 jier cent, yield, and E. Beckmann and P. Wantig a GO per cent, yield. 
According to G. Lemoine,^ union does not occur in the cold under the influence of 
light. A little hydrogen iodide is formed when iodine water is exposed to sunliglit, 
or when heated : 2H20+2l2^4HI +-02. According to C, F. Schonbein, dil. hydrogen 
peroxide forms a little hydrogen iodide and oxygen ; HoO^ hl 2 “ 2 Hl+ 02 . 

Hydrogen iodide can also be made by the action of iodine on many hydro- 
carbons, and other hydrogen compounds — phosj^hine, aip hydrogen sulphide and 
atnmonia.3 The preparation of an aq. soln. of hydrogen iodide by the hydrogen 
sulphide process is as follows : 

Add about 3 grms. of powdered iodine to 2.50 c,c. of water in a 500 e.c. flask and pass a 
stream of hydrogen sulphide slow'ly into the mixture. In a few ininutes all the iodine will 
have dissolved owing to the n?action : l"2HL Arid more powdered iodine, 

and continue the passage of the gas. Repeat the opex*aiions until about 20 grms. of iodine 
have been added. Transfer 30 grms mure iodine-— 50 grms. in all — to the flask. In 
about half an hour the iodine will all have dissolved in the hydrogen iodide already formed. 
Continue passing hydrogen sulphide until the brown colour of the soln. disappears, showing 
that all the iodine has been transformed into hydrogen iodide. Pass a rapid stream of 
carbon dioxide or hydrogen through the warm soln. to drive off the hydrogen sulphide. 
Shake the soln. to coagulate the sulphur ; and remove t he sulphur from the soln, of filtration 
through glfiss wool. The soln. can be further purified by di.stillation ; collect the fraction 
, which boils between 126® and 130°. This soln. contains about 60 per cent, of hydrogen 
iodide. A more cone, soln, can be made by passing gaseous hydrogen iodide into cold 
water, or, better, into a soln. of hydrogen iodide made as just described. 

J. R. Joss modified the process by shaking granulated lead with water and iodine 
until the liquid is colourless ; hydrogen sulphide is then passed through the liquid, 
and the cleat liquid decanted. E. Bodroux mixed the calculated quantity of iodine 
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with a paste made of barium peroxide and Water ; oxygen is evolved, and barium 
iodide is formed. More iodine is added to the filtered liquid containing barium 
iodide. When sulphur dioxide is passed through the liquid, barium sulphate is pre- 
cipitated : Bal2+l2+S02+2n20=BaS04+4rHI. The colourless liquid is distilled. 
If a soln. of iodine in copaiba balsam is heated, or if colophonium or resin be heated 
with iodine, hydrogen iodide is formed. J. H. Kastle and J. H. Bullock*^ heated a 
mixture of iodine, resin, and sand, and A. fitard and H. Moissan, a mixture of iodine 
with an equal bulk of resin. Hydrogen iodide is copiously evolved and a brownish 
liquid also distils over, and this is collected in a small receiver. 

Hydrogen iodide is prepared by the action of reducing agents on iodine and water. 
The iodine takes hydrogen, and the reducing agent the oxygen of the water. 
J. L. Gay Lussac used phosphorus,^ J. P. J. d’Arcet, phosphorous acid ; C. Mene, 
calcium hypophosphitc ; E. Soubeiran, dil. sulphurous acid, sulphites, arsenious 
acid, and stannous salts : Na2S()3 +12=211 [H'Na2804 ; and J. H. Gladstone 

used sodium thiosulphate. In the latter case, sodium iodide and tetrathionate, 
Na2S405, are formed, and the oxidation is so slow that the use of thiosulphate is not 
recommended. When phosphorus ® is employed, it is generally assumed that 
phosphorus iodide is first formed, and that this is decomposed by the action of 
water. B. Corenwinder found that some ])hosphino, PH3, is produced when 
hydrogen iodide is prepared by the action of water on phos]>honis tetra-iodide, 
P2I4 ; and to prevent this, the operation is conducted by mixing one part of red 
phosphorus with 20 parts of iodine in a warm dry flask, and gradually adding four 
parts of water from a dropping funnel to the products of the reaction. This is a 
modification of the |)rocess employed for the ])reparation of hydrogen bromide 
which is rendered necessary, because bromine is liquid and iodine solid. Phosphorus 
tri-iodide, ]^l3 ; tetra-iodide, P2I4 ; or penta-iodide, PI5, is formed. Each of these 
reacts with water, forming hydrogen iodide: 1+5+4)120“- H3PO4+5HI ; etc. An 
excess of iodide is recommended by L. Meyer in order to avoid the formation of 
phosphorous acid: 2 IM 312+61100 ~-2H3P03+ 6111, and the formation of 
phosphine. With an excess of iodine the main reaction is symbolized : 2P+5I2 
+8H20=2H3P04+10HI. Lotliar Meyer mixed ICK) grins, of iodine with a tentli 
of its weight of water in the flask, and by means of a dropping funnel gradually 
added a slip ” made by mixing 5 gnus, of red phosphorus with twice its weight of 
water. The idea is here to keep the iodine always in excess so as to avoid the 
formation of phosphine, which is liable to occur when the phosphorus is in excess. 
M. Adams says time can be saved by cooling the flask by a freezing mixture while 
the phosphorus is being added ; in this way tht^ operation requires but a few minutes 
when half an hour is needed without the cooling. A. Bannow dropped a soln. of 
iodine in cone, hydriodic acid on solid phosphorus ; and N. A. E. Millon used a 
mixture of pliosphoriis, ])otassium iodide, iodine, and water — cooled if necessary to 
reduce the violence of the reaction : 2P+f>l2+4KI“l 8H20--14HI-b2K2HP04. Free 
iodine is removed from the gas by passing the hydrogen iodide through a small 
U-tube containing a little water, and then through a tower packed with red phosphorus 
and glass wool. A little phosphonium iodide may be formed in the tower. The 
gas can be dried by passing it through a tube containing calcium iodide ; or, according 
to V. Meyer, phosphorus pentoxide. Calcium chloride is ])artially decomposed by 
the gas. According to A. van den Berghe, hydrogen iodide is formed when a 
cone, soln. of the acid is slowly dropped on solid phosphorus pentoxide, and the gas 
washed with a cone. soln. of calcium iodide.^ Hydrogen iodide cannot be collected 
over mercury because the mercury is attacked ; it can be collected by the upward 
displacement of air. 

As with hydrogen bromide, but unlike hydrogen chloride, hydrogen iodide 
cannot be satisfactorily made by the action of sulphuric acid upon potassium 
iodide. According to the conditions of the experiment, sulphuric acid can be 
reduced by hydrogen iodide to sulphur dioxide, free sulphur, or even to hydrogen 
sulphide. In the latter case the reaction is symbolized : H2S04+8 HI’f=^4H20 
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A dil. «oln. of Jiydriodic ai*id is formed by passing hydrogen sulphide 
into iodine water : II2S-I lo f- Aq -" 2 HI-t-»^+A<p R. M. Glover used barium iodide 
and sulplniri(‘. acid. Acct)rding to B. Lepsius,^ molten ])hosplioric acid, in j)lace of 
sulphuric acid, gives very fair results with potassium iodide. AV. Stevenson used 
barium iodide. Gaseous hydrogen iodide is usually made by the decomposition of 
phosphorus iodide. 

The purification of gases by fractional solidification, Jt is comj)aratively easy 
to jmrify solids by (*ry stall ization and liquids by distillation ; l>ut with gases, the 
air which (flings obstinately to the walls of the vessel requires the loss of a com- 
])aTativel3^ large proportion of gas if it is to be washed out of the apparatus, and this 
the more, if the gas is scni})bed in calcium chloride tubes ; or in tubes containing 
phos])horus peutoxide and glass wool, or sulphuric acid and pumice-stone ; or in 
tubes containing special absorbcuits for removing impurities. With the more 
costly gases, this necessary washing of the a[)paratus free from air is a serious 
inconvenience. In the more recent j)rocesses for purifying some gases, ^ tlie imj)ure 
gas is (pooled to a progressively decreasing tcinj)., whereby moisture and gaseous 
im])urities are frozen out, and finally the gas under investigation is liqiielied or 
frozen solid. Tlio apparatus i.s then exhausted by the mercury pump. This 
re moves gaseous impurities and air which may have been dissolved by the liquefied 
or solidified gas. The tenL|). is then allowed to rise, tln^ solid liquefies, then vajiorizos, 
and is finally colleeted where (b^sjred. The eonstaiu y of tlie b.p. is a criterion 
of the purity of the gases. Tin*, method recoiumendod for hydrogen iodide is as 
follows : 


1 ho apparatus gonorating the hydrogen iocihh' is connocted with the cylindrical glass 
vessel Ay rig. 12, then with the two U -tubes, and C\ These lubes have bulbs altca'iiating 

with capillary portions. All llicso 
iubc.s are inclosed in doublo-walled 
Doww fiasks containing a mixture of 
ocetoiU) and solid carbon dioxide 
w'hieh producers a temp. t)f '■-32"'. 
Nearly all the moisture is jjre(?ipi- 
tated as ice in the first tube A, and 
the rciuainiinx traces are dejxosited 
on the extensive surface of the first 
U-tube, \vh(‘re the gas is widl churned 
by the aUernato contraction and en- 
largement of tlie stream. The t ubo 
< ' serves ms a chock on th(^ other two. 
It coiiiiriuiiicates by a 3-way cock JJ 
with a condenser A', and the tubti 
The (Jond(in.si‘r 1C is cooled to —80^ 
and conn<-‘cted with the mercury 
l)uin]). 'Pho pumij is worked so as 
to pull ihu mixture of air aii<l hydro- 
gen iodide coming from the gas geno- 
rator through the apiparaius. The 
water vaj)our is condensi^d in the 
tubf3s A, H, and (J ; tlio hydrogen 
iodide solulifies in the condenser t] ; 

WlK.n enough hydrogen iodide h<« aoliddiod. .ho :hwn;«Id!‘ru;;ne1‘l'rL: 

denser m co,nu,utncat.ori^.th the efflux lulx-, au<l tk, -rr. is exhuustecl ^Tho eoolZ 



Fig. 


-The Purification of Hydrogen Iodide 
Fractional Soliditication. 
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§ 9. The Physical Properties of the Hydrogen Chloride, Bromide, and Iodide 

'Fhe Ijydrogon luilides are all colourless gases which fimie strongly in moist air ; 
tliey have an irritating odour, and an acid tast<\ According to M. von Pcitenkofer 
and K. .B. Lehmann,^ animals ex[)osed to air containing 3’4 per cent, of liydrogen 
cliloTide for U hrs. were seriously alfected ; rats withstood the gas best ; cats and 
rabbits died next day from this dose. A strong man can stand for a short time 
air containing only 0 05 per (*ent. of the gas, aiui the limit for workmen who have 
become accustomed to it is ])ut at 01 p(‘r cent. The hydrogen halides can all be 
condensed to colourless liquids, and frozen to white crystalline solids. 

Vapour density and specific gravity.— J. Dalton in 1808 gave tlie density of 
hydrogen chloride as 1‘2.3 ; most subsequent observers found rather higher numbers. 
A. Leduc (1897), P. A. (hive and (r. Tcr-Gazariaii (1007), O. Scheuer (1910), 
11. W. Gray and F. V. Burt (1911) ^ obtained the values ] l•2()81, 1*2081, and 

1*2079 res])ectively for the density of hydrogen chloride when that of air is unity — 
temp, and j)ress. normal, latitude 45^, and sea level. 1'he corresponding weights in 
grams of a normal litre arc 1*0408, J 0308, 1*0398, 1*0391, and 1*03915 grins, 
respectively, 'riiere is no sign of a ])olymerization at- low temp. ; H. Biltz found a 
density of 1*197 at — 77 T' — the normal value is 1*208. F. F. Rupert measured the 
density of the vapour of hydiogen chloride in the presence of its own liquid, 
expressed in grins, per c.c. at 

r»r’ 40" liO'* (F -35" —30'" -50“ 

Gas, HCl . 0 278 0 181 0'0974 0 0539 0 0343 0’0238 0*0125 

H. St. 0. Doville found indications of free chlorine in the gas which had been cooled 
abru])t1y from IfKK)® ; but V. iMeyer and his co-workers obtained a normal density 
at teinj). u]) to ir><)tV\ and at 2r)(K)‘\ according to M. Bodenstein and A. Geiger, the 
jierccntage dissociation amounts to only 1*3 per ce.nt. ; and at KXX)^, 0'(X)i34 per 
cent., as indicated in Tabic 111. E. Moles obtained 3-6442 ±0-00013 for the weight 
of a normal litio of hydrogen bromide; W. el. Murray 3-G 140 ±0*006 gnus.; 
and C. K. Reiman, 3*6442 ± 0*0002 grms. 

Lowig (1829) found the vapour density of hydrogen bromide to bo 2*71 ; 
11. Biltz found a normal density 2*77 in the vicinity of its b.p., at —15'^, 2*989; 
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and at —28°, 2’873, when the theoretical density referred to air unity, is 2’7^6 ; 
the weight of a litre of this gas at 0° and 760 nun. is 3’6167. Hydrogen bromide 
dissociates at elevated temp. — ^at 1000° the dissociation is O' 144 per cent., and at 
2000°, 3‘4 per cent, as indicated in Table III. According to J. L. Gay Lussac,* the 
density of hydrogen iodide is 4'4429 at 0°. The theoretical value, (referred to 
air unity) is 4'415. H. Biltz found 4'569 at —17°, and 4*619 at —24*9, and 
K. Strecker, 4*443 at 120°. These values may be regarded as indicating that the 
vapour density of hydrogen iodide over this range of temp, is normal. Indeed, 
excluding hydrogen fluoride, the vaporu* densities of the hydrogen halides are 
normal at their b.p. At 21K)'’, hydrogen iodide is dissociated about 6*2 per cent., and 
at 1000°, 29 per cent, as indicated in Table III. 

The sp. gr. of liquid hydrogen chloride between its m.p. and b.p., according 
to D. McIntosh and B. D. Steele, 6 i.s 

Temp. , —104-5° -101-2° -98-2° —92-2° -89-8° -85-8° -83-1° 

Sp.gr. . . 1-2438 1-2,347 1-2242 1-2127 1-2038 1 1937 1 1812 

G. Ansdell (1880) and F. F. Rupert (1909) have measured the sp. gr. of liquid 
hydrogen chloride at higher temp. ; the latter obtained 

.M” 40" 20'’ 0" -1.'')" -30" -50° 

Sp. gr. . . 0-.572 0-707 0 839 0 929 0 984 1-032 1-090 

The rapid increase in the sp. gr. with a falling temp, corresponds with a large 
expansion with a rising temp. 'I’lie mol. vol. of hydrogen chloride at its b.p. is 
30-8, and the corresponding vahies for hydrogen and chlorine are 5*5 and 25*3 — 

H. Kopp’s value for chlorine, cahmlatcd from the mol. vol. of organic com 2 )ounda, is 
22 * 8 . 

The sp. gr. of liquid hydrogen bromide, according to D. McIntosh and B. D. Steele,® 
is 

»1° ■ .S7’ • Sr -77° - 73’ -m)" 

Sp.gr. . . 2-245 2-229 2 206 2-191 2-176 2-160 

and they represent the whole range of sj). gr. D at T absolute, by the formula 
D— 2'157d-0-0088437(204 '3 --T). At 10", L. Bleokrode gives the vaiue 1-63. The 
mol. vol. at the b.p. is 37 '4 ; Kopp’s rule gives 33 4. D. Mclnto.sh and B. 1). Steele 
also give the following values for the sp. gr. of lujuid hydrogen iodide ; 

a -31° 

Sp.gr. , . 2-863 2 847 2-8.*)0 2-813 2-796 2-779 


and the inter()olation formulrc for tJie .sp. gr. D at T‘ ab.solute. D— 2-799-1-0 0120357 
(237'4— T). The mol. vol. at the b.p. is 45 7 ; the value 43-3 is obtained by Konp’s 
rule. ^ ^ ^ 

Deviations from the ideal gas law.- The deviation in the density of gaseous 
hydrogen chloride 1-6392 under normal conditions from the theoretical value 
1 6284 (referred to air unity) is because hydrogen chloride is more strongly com- 
pressed under atm. press, than corresponds with an ideal gas. R. W. Gray and 
F. P. Burt 7 have measured the /m- values for liydrogen chloride at 0°, and found 


p . 829-60 720-78 

V . 66-012 76-072 

pv . 64767 64831 


61.5-,3.6 384-13 289.39 

106-642 14.3-2.'»9 190-331 

64958 5.6030 56080 


223-95 1,57-67 mm. 
246-U7 340-978 c.o. 
65118 65146 


They found the variation oijw per unit of press, decreases as the press, falls, and 
the rate of decrease if greater at lower press. If and tq denote the volmnes 
occupied by the same mass of gas at press, po and pj, R. W, Gray and F. P. Burt 
give 55213 for po^o and 54803 for pyv-^, and the deviation of the gas from Boyle’s 
law per atm. between the press, limits 0 and 1 atm.’ is deHned by the expre^ion 
.do'(po*’o~Pi*'i)/Po*’o{Pi ~Po)- E. Moles found for hydrogen bromide (/M')o/(pv) , =1 -f A, 
where A=0"00931 j andC. K. Reiman, A“0*00927 — the value for oxygen is 0 00097. 
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P, A, Guye represents the relation between compressibility and press., p, 
by the formula (pv)==l+a4“«p+bp^., where a, a, and h are constants. 

The suriace tension and Viscosi^. — ^The surface tension o, and the molecular 
surface energy, of R. Eotvos was determined for liquid hydrogen chloride by 

D. McIntosh and B. D. Steele ® : 


Temp. 

-109*9^ 

-101*3° 

-92-9° 

-89-8 

-84*8° 

-80*4° 

er . 

27-874 

26*261 

24*718 

24*046 

23*467 

22*409 

<r(Af»)* 

263-68 

250-80 

239-00 

233*66 

.229*30 

221*03 


and the temp. coefE. dcj{Mv)^jdT^)LAl, whereas with normal fluids, the value is 
2'12 ; hence, it is inferred that the liquid is associated. The viscosity of liquid 
hydrogen chloride rj referred to water at 22® unity is 0*590 at 160*8® K. ; 0*530 at 
171*7® K., and 0*477 at 188*2® K. The viscosity of liquid hydrogen bromide at its 
b.p. is 0*83, and the temp, coeff., 0*58 per cent. ; for liquid hydrogen iodide, the 
viscosity at the b.p. is 1*35 with a temj). coefl. of 0*70 per cent. According to 
P. Walden, the surface tension of liquid hydrogen bromide in dynes per cm. is 30*191 
at 181*8® K. ; and D. McIntosh and B. D. Steele's formula for the surface tension at 
K. is a-=30*19(l---0*00314T)/(l---0*CK)3l4xl81*8). The surface tension of 
liquid hydrogen iodide is 29*06 dynes per cm. at — 47*7®, and the surface tension 
(T at K. is (7— 20*96(1 -~0‘002652’)/(l— 0*00265x225*3). The specific cohesion, 
of liquid hydrogen bromide at 186® K. is 2*67, and at T® K, the value of 
-=2i67(l- 0*(X)274T)/(l- 0 00274x186) ; and of liquid iodide at - 47*7® is 2*01, and 
it varies so that «2^2*08(1— 0*00230x225*3). The temp, coeff. of the molecular 
surface energy of liquid hydrogen bromide da(M.v)^jdT between —91® and —63® 
is nearly 2*03. The value for liquid hydrogen iodide is 1*99. These numbers are 
very close to those required for normal liquids. Hence, this indicates that the 
liquids are not associated. The application of several other of Walden’s rules 
also makes it highly probable that liquid hydrogen bromide has the simple formula 
llJ3r, and liquid hydrogen iodide, III. The intrinsic press. K of the four liquid 
hydrogen halides, calculated from J. Stefan’s rule (A— p)Vft=sJMA, where p is 
negligibly small in comparison with K ; Vh, is the mol, vol. at the b.p. ; M, is the 
mol. wt. ; and A, the latent heat of evaporation : 

HF H(1 fHiJr III 

Intrinsic press, (about) . • 7300 2615 2240 2230 atm. 

The intrinsic press, thus decrease with increasing at. wt. ; the opj^ositc applies to 
the liquid halogens themselves. 

The coeif. of viscosity of Iiydn»gen chloride gas is 0r)C)(-)141 ; the free path, 
0'(XKXXJ71 cm. ; the collision frequency 5670 X 10‘- per second ; molecular diameter, 
1 *70x10 '^ cm.; the coefl’. of condensation from gas to licpiid, or -Dgas/Aiquid 
--0 (X)282. The square root of the mean s(juare of the molecular velocity of hydrogen 
chloride is 4*34x10^ cm. per sec., and the arithmetical mean, 4x10*^ cm. per sec. 

The critical constants. -In 1823, 11. Davy and M. Faraday® liquefied hydrogen 
chloride by sealing ammonium chloride in one leg of a W-shaped tube, and sulphuric 
acid in the bend. By suitably turning the tube over, everything was collected in 
one leg ; the empty end was placed in a freezing mixture. Colourless liquid hydrogen 
chloride was obtained. M. Faraday did not succeed in solidifying hydrogen chloride, 
but he did both liquefy and solidify Iiydrogen bromide and hydrogen iodide by 
cooling the gases at atm. press, with a mixture of solid carbon dioxide and ether. 
K. Olschewsky solidified hydrogen chloride in 1884. Numbers for the critical 
temp, of hydrogen chloride vary from 51*25® to 52*3® ; the critical press, between 
83*0 and 96*0 atm., and the critical density between 0*4<) and 0*61, T, Estreicher 
gives the critical temp, of hydrogen bromide between 90*4® and 91*3® ; E. Moles 
found 89*80®, which may be taken as the best representative value. T. Estreicher 
estimated that the critical temp, of hydrogen iodide lies between 150*7® and 150*4®. 
These numbers agree with P. Walden’s relations : 1*16 ; and AT<.=:0*94, 
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where Tc denotes the critical temp, in absolute units ; ^ is the temp, coeff. of .the' 
surface tension; and h the temp, coeflt. of the specific cohesion. For example^. for. 
hydrogen iodide, —0 00265 ; and A;-=0 {)0230. The critical press, are not Known,, 
but P. Walden’s rule 6‘5(j/log 2^—0*01276, where a denotes the surface tension 
at the b.p., furnishes for hydrogen bromide, 69 atm., and for hydrogen iodide, 71 ‘0 
atm. The critical density, Dc, of liydrogen bromide is 0*807 and of hydrogen 
iodide 1*046 ; these numbers are calculated from P. Walden’s rule, Z)c=0*3738/?jr, 
where denotes tlie sp. gr.*at the b.p.— 2*157 for liquid hydrogen bromide, and 
2*799 for liquid h^^drogen iodide. E. Moles has compared the critical temp, 
calculated by a number of other formuloe, with the observed values, and found the 
result is in agreement with C. M. (luldherg’s and P. A. Giive’s rules, but not with 
W. R. Fielding’s. 

The boiling and melting points. — The b.j). of liquid hydrogen chloride at 
atm. press, is given as - 82 9^ by D. McIntosh and B. D. Steele, and as — 83*7'^ 
by T. Estreicber. The m.p. of hydrogen chloride is —111*1^ according to 
T. Estreicher, and ■ -112^ according to E. Beckmann and P. Wiintig. The b.p. of 
hydrogen l>ron)ido is given at —6419'’ (738*2 mm.) by T. Estreicher, and —68*7*^ 
(760 mm.) by 1). McIntosh and B. D. Steele ; the m.]). of hydrogen bromide is —86” 
according to A. Ladcnl)urg and C. Kriigel, and --87*9'" according to T. Estreicher ; 
the latter gives —88*5'^ for the f.p. The b.p. of liquid hydrogen iodide is given as 
—34*14’ (73()‘4 mm.) and •*-3412^ (739*8 mm.) by T. Estreiciher, and —36*7'’ by 
A. Laden])iirg and 0. Kriigel. The m.p. of solid hydrogen iodide is — JjiO’S” 
according to T. Estreicher and D. McIntosh and B. D. Steele ; and —51 '5” according 
to A. Ladenburg and 0. Kriigel. 

H. M. Vernon (1891) i- has pointed out that the b.p. of licpiids scMiietimes give a 
clue as to their mol. Avi. Eor exain])le, hydrogen iodide boils at —25'^, hydrogen 
bromide at —73”, hydrogen chloride at —1(H)”, and it might l)e (».x])ected that 
hydrogen fluoride would boil about —120”; as a matter of fact, it boils a bout 19*4”, 
showing that the molecules of the li(pud are probably more complex than is the case 
with the other threc^ Iniloid acids. H. Biltz observed no signs of ]>olymenza( ion with 
the other lialoid acids ; at --77 ’ w it) i hydrogen chloride ; at --28'” with hydrogen 
bromide ; or at —25” with hydrogen iodide. Tlie hydrides of oxygen, sulphur, 
selenium, and tellurium furnish another illustralion of H. M. Vei nonV rule. 

The vapour pressure. — 1). McIntosh and B. D. Steele give for the va]). i)ress. 
of liquid hydrogen chloride hetween the h. and m. p. : 

— loya' — ioi;r — r.a-o" - 8,t 2 " -so:.’ 

Vap. j)roe.s. . . 141 245 4:iO f)48 748 868 niui. 

M. P^araday continued the measurejuents up to 1”, and to 50*50”. 

-73*33 ’ — 4i»*r>0’ “ IT’TH'" O'^ 33 -r 50*50" 

Vap. press, . 1-80 6*30 15 04 20*20 4J S 58*85 85*33 atm. 

I). McIntosh and B. D. Steele measur<*d the vap. press, of solid and liquid hydrogen 
bromide of m.j>. - 86” : 

im3 -S7*r S.i" --70 7 707' os-4" 

Vap. pre.ss. . 06 112 J85 284 357 501 082 775 mm. 

The va}). press, of solid and liquid hydrogen iodide of m.p. --35*7” were also found 
to be : 

-77*0’ -74’ --54*8'' -5(4 -45*8° -30-.5’ 

Vap. press. . . 74 00 303 376 539 743 769 mm. 

M. P’araday gave 2*9 atTii. at —32” ; 3*97 atm. at 0” ; and 5*86 at 15*5’. 

The heats of fusion and vaporization. -J’rom the lowering of the f.p. of (^ymenc 
and toluene by the soln. of Ii(}nid hydrogen chloride, E. Beckmann and P. Wiintig 14 
calculate the heat of fusion of hydrogen cldoridc as 10*3 cals, per gram ; of hydrogen 
bromide, 7*44 cals. ; and of hydrogen iodide, 4 13 (*als. 1). McIntosh and B. JI. Steele 
calculate from Clape}Ton and Clausius’ eciuation d ]og pjdT-^XIRT-, for the mol. lit. 
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ot vaporizitioii of hydrogen chloride at its b.p., 3*54 Cals ; of hydrogen broniido, 
4'16 .Qals. ; and of hydrogen iodide, 4*94 Cals. P. H. Elliott and I). McIntosh 
found ^perinientally 3*56 Cals, for hydrogen chloride; 4*15 Cals, for hydrogen 
bromide; and 4*48 Cals, for hydrogen iodide. T. Estreicher and A. Schnerr find 
3*6 Cals, for the chloride ; 3*939 Cals, for the bromide ; and 4*3318 Cals, for the 
iodide^ The corresponding heats of vaporization per gram are 98*7 cals, for the 
chloride ; 48*68 cals, for the bromide ; and 33*9 cals, for the iodide. Trouton’s rule 
for hydrogen chloride gives the value 19*0. This value, slightly lower than the 
normal, may mean a slight association. K. Tsuruta prefers the ndation ; 
A=T(<v — where Vg and Vi respectively denote the sp. vol. of gas and liquid 

for calculating the heat of vaporization at liigher temp, and press., because the 
volumes of gaseous and liquid hydrogen chloride can then no longer be neglected. 
He thus obtains for the heat of vaporization at 4°, from the data by G. Ansdell, 
61*02 cals., and at 49*9°, 23*49 calls. A. Reis gives for the heat of sublimation of 
hydrogen chloride 3*6 Cals. ; for hydrogen bromide, 4*7 Cals. ; and for hydrogen 
iodide, 5*0 Cals. 

Specific heats. — ^According to H. V. RegnaultA® the mean sp. lit. of hydrogen 
chloride gas at constant press, is 0^—0*1867 between 22° and 214° ; and for the 
ratio of the two sp. ht. Cp/CD--V4iK) at KKf . According to W. Nernst and M. Pier, 
the mol. ht. of hydrogen chloride is the same as that of any gas with diatomic 
molecules difficult to dissociate — e.g. oxygen, nitrogen, carbon monoxide, etc.-* -* 
and^p to the highest temp. 19(X)° the mean sp. ht. between 0° and 0° is Cp— 6*885 
+(ymme ; and C,~4*9O+O*O(X)450 ; and at 0°, Gp=6*885 +0*00090 ; and C\ 
~+*90 1 -O*(X)O90. K. Strecker found the ratio of the two sp. ht. of hydrogen 
bromide to be 1*431, a value nearly the same as that of hydrogen ; and from the 
relation Cp—Cr=R he calculates for (7p=0*0820 ; and 0,. =0*0573 between 20° 
and 100° ; according to P. A. Muller at press, between 752*4 and 293*9 mm. and 
tern]), between 37*8° and 10*1°, the ratio of the two sp. ht. is 1*3647. For the 
mol. ht. of hydrogen bromide hetweeri 0° and 0°, F. Haber gives (7p=6*89+O*(X)O450 ; 
and M. Bodenstein and A. Geiger, for the true mol. ht. at find Cp=6*5+0*0()17T ; 
and Gy=4 *54-0*00177'. For the ratio of the two sp. ht. of hydrogen iodide 
between 20° and 120°, K. Strecker linds CV/(V=l*397-t-0’(X)l, and hence calculates 
Cp=0*()550 ; and 6v'-0*()394. From K. Strccker’s values it folIoW’S that the 
mol. ht. of hydrogen iodide at T° are Gp =6*5 +(0*0016 4'0*0003)7\ and Cv=4*5 
+(()*0()16 +0*0003)7'. According to W. Nernst, the mol. ht. of hydrogen iodide is 
nearly the same as that of hydrogen chloride. 

Heats of formation. — J. Thomsen gives for the heat of formation of gaseous 
hydrogen chloride from its gaseous elements H+C4=HC1+22*CK)1 ('als. ; P. A. Favre 
and J. T. Silberniann give 23*783 Cals. ; and J. J. B. Abria gives 24*010 Cals. 
M. Berthclot gave 22*0 Cals, at ordinary temp, and 26*0 Cals, at 20(X)'^. J. Thomsen 
gives 8*44 Cals., and P. A. Favre 7*108 Cals., for the heat of formation of gaseous 
hydrogen bromide from liquid bromine and hydrogen; and for H4“Brgaa~HBr at 60°, 
12*3 Cals,, when hydrogen chloride under the same conditions is 22*04 Cals. 
J. Thomsen considers the difference 9*74 Cals, to represent the higher affinity of 
chlorine for hydrogen. M. Berthclot gives H4-Brgas=“l^’6 Cals. ; H+Brij,|uid~'^‘6 
Cals. ; and H+Brsoii(i--'7‘3 Cals. M. do K. Thompson gives 8*4 Cals, for the heat of 
formation, or total energy of formation and 11*950 Cals, for the free energy of 
formation of hydrogen bromide from measurements of the j)otential of the (‘cll 
H 2 I HBr |Br 2 . For hydrogen chloride the corresponding numbers are respectively 
22*3 and 22*2 Cals. For further observations on free energy see ‘‘ the e.m.f. of cells.” 
M. Berthclot gives for the heat of formation of hydrogen iodide H+lHoiici—Hlgas* 
- 0*64 Cal., and H+Iga8^HlgaH+0*4 Cals. For solid iodine and hydrogen, 
tJ. Thomsen gives 6*036 (Jals., and for gaseous hydrogen iodide, at the b.}). of iodine, 
180°, — 0*436 Cal. M. Bodenstein calculates for HH-lgas^^HJgas^ at ordinary 
temp. 4-0*4 ('al. from M. Berthelot's data, and 0*7 Cal. from J. Thomsen’s data. 
F. Haber calculates 0*096 Cal. from the relation between the equilibrium constant 
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and temp.-— § 4. For the heats of formation in soln., etc., see the respective 
acids; and for the heats of formation from molecules and atoms of the elements, 
see Thermo-chemistry.” S. J. Bates andli. D. Kirscliman found the fr06 energy 
of formation of hydrogen chloride is — 22700 cals*, Jiydrogen bromide, 12592 
cals., and hydrogen iodide, “f 310 cals. 

Optical constants.—?. L. Dulong^^ found the refractive index of hydrogen 
chloride for white light to be 1-000447 ; and E. Mascart, the refractive indices of 
the hydrogen haloid# for the i[)-lino : 1*000444 for HOI ; l‘(X)0570 for HBr ; and 
1*000906 for HI. L. Blcekrode found the index of refraction of liquid hydrogen 
chloride to be 1*256 for the 7l~lme, and 1 00045 for the gas. Accordingly, the 
specific refraction of the liquid by J. H. Gladstone and T. P. Dale’s formula is 
0*300 ; and of the gas, ()*277. 11. A. Loreutz and L. Lorenz’s formula furnishes 0*19 
for the liquid, and 0*185 for the gas. C. and M. Cuthbertson obtained for the 
refractivities, (ft— 1) X 10®, at O'" and 760 mni., for the green mercury line A— 546*l/x/i, 
are 351*1 for HCl ; 614*9 for HBr ; and 925*8 for HI. The results for what they call 
the dispersion (ft— 1) x10®jD/76Z>o, where D denotes the density of the gas at 
and Dq its density at O'", are indicated in Table V. W, Sellmeyer's formula for 

TaBLUJ V. — ^l^ISPERSION OF THE HVDfiOCIKN' HaLIDES. 


Wavc-Ioiiglh, /xft 

UCl 

HBr j 


nr 

479 90 

4G1-87 

i 

621-00 ! 


9:i9-00 

620*91 

449*30 

617-04 ! 


9.30*15 

670*95 

446*66 

612-56 i 


921*06 

643-85 

444*44 

008-78 I 


913*34 

670-78 

443*75 

607-52 I 

1 


910*87 


the relation between the refractive index ft and the frexpiency n of tiie light vibration 
when ? 2 ~the velocity K-;- the wave-length A, is ft— where the values 
of the constant CxlO are respectively 4*6425, 5*1446, and b’TiKXJ for hydrogen 
chloride, bromide, and iodide ; and of the constant 10661*0, 8668 4, and 

6556*4 respectively for the same three gases. 

Spectrum.— According to J. Tyndall, hydrogen chloride and hydrogen bromide 
absorb heat rays. W. H. Julius found that hydrogen chloride liad an absorption band 
for the wave-length 3*08ft ; and K. Angstrom and \V. Palmaer at 3*41ft. VV. de W. 
Abney and E. K. Festing found licpiid hydrochloric acid had very feeble absorption 
lines in the ultra-red at 732, 741, 845, 867, and 949ftft. 

P. Drude showed that the optical dispersion of crystals is best explained by 
assuming that the infra-red absorption and emission bands are due to the vibrations 
of electrically charged atoms and molecules, rather than to the oscillations of electrons 
inside the atoms. P. Drude’s views were confirmed when it was shown by E. Made- 
lung, A. Einstein, W. Dehlinger, etc., that the frequencies of the Reststralilon can be 
roughly computed fronr the elastic constants of the crystals. N. Bjerrum also 
showed that the structure of the infra-red absorption bands of gases confirms 
M. Planck’s quantum theory. In 1892, Lord Rayleigh proved that if an oscillator 
emits and absorbs light of frequency Vq, and rotates with a frequency about an 
axis perpendicular to the direction of vibration, the emitted and absorbed light 
should bo divided between the frequencies Vq ± Pr witli a corresponding broadening 
of the spectrum lines. In confirmation, N. Bjerrum showed that in the infra-red 
absorption spectra of gases there is a broadening of the magnitude to be expected 
from the molecular rotations. Unlike the bands in the infra-red, (i) the lines in the 
visible and ultra-violet spectra are due to the vibrations of electrons inside the 
atoms ; and (ii) the atoms do not rotate with angular velocities comparable with 
those of the molecules. 

P. Drude’s hypothesis explains how in a diatomic gas like hydrogen chloride, 
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HCl, there should he only one absorption band due to tlie vibrations of the two 
atoms along their line of centres. If a rotation occurs only about the axes j)er- 
pendiculajT to the lino of centres, then the distribution of tlie angular velocities 
leads to the assumption that there should be a doublet with a inaxiinuiu corre- 
sponding with the most probable angular velocity of the molecules at the tenij). in 
question. The infra-red spectrum of hydrogen chloride lias a doublet with maxima 
at 3’40/jt and 3‘55ja at room temp. From the separation of the maxima, N. Bjerrum 
calculates that the moment of inertia of the HCl-molecule is 5*4x10' grins, per 
sq. cm. ; B. C. Kemble, that the distance between the atomic centres is 1*84 
XlO ® cm. ; and D. A. Ooldhammcr, that the molecular diameter is 3*0x10 ^® cm. 
Observations of W. Burmeistt^r and E. von Bahr conlirm the frequent appearance 
of double bands in the infra-red spectra of gases, and the separation of the maxima 
with temp, in accord with N. Bjerrum’s theory. 

N. Bjerrum predicted that more complex gases should furnish triplets, but this 
is not in accord with observations with water vapour and carbon dioxide. 
H. A. Lorentz, and W. Nernst, however, have suggested that the molecule cannot 
rotate except with such angular velocities as make the energy an integral multiple 
of hv ; and hence N. Bjerrum concluded that the absorption in the extreme infra-red, 
say, beyond 40ja, supposed to be due to the direct action of molecular rotations, 
must be broken up into a scries of equally spaced narrow bands, while in the near 
infra-red, the vibrations mainly duo to the atoms will he similarly made up of a 
series of equally spaced fine lines which are really bands if observed with an apparatus 
of high resolving power. The predictions have been verified by N. Bjerrum and 
A. Eucken. The subject was followed up by Ehrenfest, E. C. Kemble, M. Planck, 
etc. According to W. Burmeister, chlorine and bromine gases show no infra-red 
absorption bands. This follows, from P. Drude’s hypothesis, for it is not to be 
expected that the atoms in these otherwise symmetrical molecules should turn out 
to bear diarges of opposite sign ; and the absence of these bands is considered to 
confirm the view that the bands in this region are due wholly to atomic vibrations ; 
and that the j)resence of absorjition bands is peculiar to those gases whose atoms 
are charged. Hydrogen bromide and chloride have each one double absorption 
band. No harmonics have yet been observed in the infra-red spectra of hydrogen 
liromide and chloride ; altliough E. C, Kemble anticijiates that such may possibly 
be found if careful search be made. 

Electrical conductivity. — According to A. L. Hughes and A. A. Dixon, the 
ionizing potential of hydrogen chloride gas representing the least energy required 
to ionize the gas by the impact of electrons is 9*5 volts, when the value 6*50 volts 
is furnished by K. T. Compton's formula K:=0*194(K-~l)’“i volt, where K is the 
s})ecific inductive capacity, and V the ionizing potential ; the calculated value for 
hydrogen iodide is 4*55 volts. A. Reis gives for the energy of ionization of 
hydrogen chloride, bromide, and iodide, the respective values 326, 315, and 305 
kgrm. cals. 

Liquid hydrogen chloride, bromide, and iodide have a low ele(‘trjcal con- 
ductivity. The specific conductivity of li(|uid hydrogen chloride is 0*167 XlO'® 
at its b.j). - a value not far from that of pure water. The specific conductivity of 
the liquid bromide is 0*05x10^*®; and of the iodide 0*2x10 Most chlorides 
do not dissolve in liquid hydrogen chloride, but stannic chloride in soln. does 
not make any appreciable difference to the conductivity. E. H. Archibald found 
that quite a number of organic compounds formed conducting soln. in liquid 
hydrogen chloride. 


The electrical conductivities of soln. of a groat many compounds in liquid hydrogen 
halides have been measured by E. H, An^hibaid and D. McIntosh. The conductivity is 
raised considerably by phosphoryl chloride. Sodium ; sodium sulphide, borate, phosphate, 
nitrate, thiosulphate, and arsenate ; chromic anhydride ; potassium nitrate, hydroxide, 
chromate, sulphide, bisulphate, and ferro- and forri- cyanido ; ammonium fluoride and 
carbonate ; rubidium and csesium chloride ; magnesium sulphate ; calcium flupride ; 
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strontium chloride ; barium chloride, oxido, nitrate, and chromate ; copper and itinc 
Bulphatos ; mercuric, boron, aluminium, stannous, manganous, and ferric chlorides ; 
aluminium, ferrous, nickel, and cadmium sulphates ; carbon dioxide ; phosphorus tri- 
bromido ; lend dioxide, nitrate, and cyanide ; and tartar emetic do not ehttijge the con- 
ductivity of the liquid halides very nuieh. Many ethers, ketones, esters, nitriles, nitroso- 
compounds, cyanides, thiocyanates, and aminonimii bases form conducting solu. Acetic, 
butyric, propionic, benzoic, toluic, and salicylic acids form conducting soln. in licpiid 
hydrogen chloride or bromide. The soln. of acetic, butyric, and benzoic acids conduct 
better than in water. Formic, maleic, e-phthalic, and cinnamic acids conduct in liquid 
hydrogen chloride, not the bromide. 

Soln. of various organic sul)stances in liquid hydrogen coinj)Ounds- hydrogen 
chloride, bromide, iodide, sulphide, and phosphide — are conductors of electricity, 
and it seems as if the non-ionizing solvents become conductors by reaction with 
the solute. L. S. Bagster and B. D. Steele found that dry soln. of hydrogen bromide 
in liquid sulphur dioxide arc practically non-conductiug, but the addition of water 
gave conducting soln. which gave olT hydrogen at tlio cathode, and bromine at the 
anode, whilst water was carried from anode to cathode, and de])ositod there. It was 
assumed that the water and hydrogen bromide form an oxoniiim compound which 
was electrolytic in character. It was sliown that if a siinplo liydrato is formed, the* 
deposit of water at tlie cathode must be due to tlie loss of hydrogen bromide holding 
it in soln, Ij. S. Bagster and G. Cooling have shown that this hypothesis is untenable 
because no like deposit of water a])pears at the anotle. They furtlier sJiowed that 
the reaction is probably ; 


The oxonium compound then ionizes H 30 BrT=i,lf 30 -j-Br', and tlie HaO -ion loses 
its charge at the catliodo during electrolysis and I'orins hydrogen and water. 

Dielectric constants. — The dielectric constant of liqtiid hydrogen ciiloride -- is 
8‘8r) at — 90° and 4 60 at 27'7° under the press, of its own vapour, and decreas(!s 
still more with a rise of temp. — the temj). coelf. is alout — 0 8 pe.r cent. Tihiuid 
hydrogen bromide has the value G'29 at —80°, and 8 82 at 247° the. tenqi. coelT. is 
about — ()•(> per cent. Liquid hydrogen iodide at — bO' has the value 2'88, and at 
21'7°, 2'90 — the temp, coelf. is nearly z(no. The dielectric, capacity increases on 
solidification, for the solid, at - -70°, had a dielectric <-on.stant of 2-95. IBmce. the 
dielectric constants of the hydrogen lialides increase with increasing mol. wt. The 
dielectric constants of these solvents are low in comparison with those of oilier 
solvents with a similar good ionizing power. 1’hc close ])arallclism shown by 
J. J. Thomson and W. Nernst, to subsist between the ionizing power and thi> 
dielectric constant of a solvent, and the. fact lliat B. D. Steele, 1). Mclnto.sh, and 
15. H. Archibald have shown that the liipiid hydrogen halides form good coudneting 
soln. with several organic acids and alcohols, indicates that tliese solvents would 
have a high or medium dielectric capacity. 'I’lic results show that the hydrogen 
halide.s have anomalously low values, meaning that unle.ss the mobilitie,s of tlie ions 
are abnormally high in these solvents, the parallelism with the dielectric capacity - 
if valid — ^is obscured by some other im]>ort.aiit factor, ft is important to note that 
many organic solutes form compounds with the liquid halides- e.g. ether and 
hydrogen bromide form a comjiouud (C 2 Hr,) 20 ,BBr, melting at —42“ jiresunmbly 
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§ 10. Properties of Hydrochloric, li^drohromic, and Hydriodic Acids 

Hydrogen chloride, bromide, and iodide are copiously soluble in water. Under 
atm, press, one volume of water absorbs 505 vols. of hydrogen chloride at 0® 
(H. Dcicke, 1863) ; a])proxiiiiately C(X) vols. of hydrogen bromide at 0*^ (M. Berthelot, 
1873) ; and 425 vols. of hydrogen iodide at 10*^" (J. L. Gay Lussac, 1814). The 
absorption of the gases is accompanied by the evolution of miich heat. The great 
solubility of hydrogen chloride is illustrated by the. well-known experiment in which 
a large flask is filled with the gas and closed by a ruliber stopper fitted with a glass 
tube drawn to a jet, so that the jet is 8 or 10 cm. from the liottom. The. flask is 
inverted and the open end of the tube dipped in water tinted with blue litmus. 
The water rises in the tube as it absorbs the gas, and when it reaches the jet, it forms 
a water cascade or fountain inside the flask. At the same time, the blue litmus is 
coloured red, because the soln, of the gas in water is an acid — variously called 
Jiydrochloric acidy chlorohydrie acid, mvriaiic acid, or spirit of salts. Similar remarks 
apply to the relations between hydrogen bromide and hydrobromic acid, or hromo- 
hydric acid, and between hydrogen iodide and hydriodic acid or iodohydric acid. 

Solubility in water. — The solubility of liydrogen chloride in water at different 
temp, and press, has been investigated by H. E. Roscoe and W. Dittmar,i who 
found results which may be expressed in several diffenmt ways (press. 760 mm.). 
Let 0 denote the volumes of gas in c.c. per 1(X) c.c. of water ; r\ grms. of IICl per 
1(X) grms. of water ; and Go grms. of H(J1 per 100 grins, of soln. 
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At temp, below if 11. W. B. Roozeboom measured tlie amount of gas in grams 
dissolved by 100 grins, of water when the sum of the partial press, of hydrogen 
chloride and water was 760 mm. at the indicated temj). : 

0° —5^ -lO"* -1.^)'^ - 18 ° -18*3’^ - 2 }° — 24 ® 

Grms. gas . 84*2 86 8 89*8 9S*3 96*7 96*0 98*3 101*2 

The soln. below --18*3 are supersaturated and unstable since there is a maximum in 
the solubility curve at —18*3"’ corresponding with the formation of the dihydrate 
HCI.2H0O, as indicated in Pig. 14, 

Trihydrated hydrogen chloride, HCl.SHoO, melting at -- 244^, is stated by 
S. U. Pickering to separate from soln. containing betw(?en 25*1 and 42*6 per cent, 
of hydrogen cldoride at temp, between — 80° and —25*65°. Dihydrated hydrogen 
chloride, HClJHoO, separates when a sat. soln. of hydrogen chloride is cooled 
below —40°. and from soln. containing between 43*93 and 48*81 per cent, of HCl, 
at temp, between —26 25° and —17*5°. J. 1. Pierre and E. Puchet^ also obtained 
the same hydrate by leading dry hydrogen chloride into cone, hydrochloric acid 
cooled between 25° and 30 . This hydrate melts^at 0°; and in open vessels 
dissociates at about —18*3° ; in closed vessels at —17*7°. The heat of formation 
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of the solid hydrate is 141 Cals., and of the liquid 116 Cals. Monohydrated 
hydrogen chloride, HCl.HoO, isolated by F. F. Rupert, has a sp. gr. 1*48, melts at 
—15*35°, and the vap. press, at the m*p. is 17*3 atm. The dihydrate is very 
soluble in water and sparingly soluble in liquid hydrogen chloride. The f.p, 
of the binary system, water and hydrogen chloride, have been determined for 
soln. containing less than 67 per cent, of %drogen chloride, as shown in Fig. 13, by 
J. I. Pierre and E. Puchet, S. U. Pickering, H. W. B. Roozeboom, and F. F. Rupert 
(1909). Starting with pure water, the addition of hydrogen chloride steadily 
depresses the f.p. to the eutectic temp. --85°, AB, when the soln. contains 25 per 
cent, of HCl. Further additions of hydrogen chloride raise the freezing temp., 
BCy up to — 24*4°, when the mixture contains 40*3 per cent, of HCl, and thus 
corresponds with trihydrated hydrogen chloride, HCI. 3 H 2 O- Continued additions 
of hydrogen chloride depress the f.p. curve, CD, to a second eutectic, —28°, and 
then raise it, DE, to a second maximum, —17*7°, corresponding with 50*31 per cent, 
of HCl, that is, with dihydratcd hydrogen chloride, HCI. 2 H 2 O. The curve EJ 
represents the soln. in equilibrium with the gas at atm. press. S. U. Pickering did 
not obtain the maximum with the dihydrate because its dissociation i)re8S. exceeds 
760 mm., and for the further exploitation of the system it is necessary to work in 
closed tubes. H. W. B. Roozeboom found the dissociation press, p mm. of mercury 
at different temp, to be 

-23*4*’ -20.5'^ -18*8° -18*3® -180.')® -17*7® 

194 376 628 760 893 1080 mm. 

The sp. gr. of the dihydrate at —18*3°, referred to water at 4° is 1*46 ; and according 
to M. Berthelot, the heat of formation of the solid hydrate is 14*1 Cals. The f.p. 
curve again descends, EF^ to a third eutectic, 

— 23*5°, with increasing cone., and rises, FG^ 
to a third maximum, —15*35°, when the soln. 
contains 66*9 per cent, of HCl, correspond- 
ing with monohydrated hydrogen chloride, 

HCI.H 2 O. The first eutectic is concerned 
with the system, H 2 O : HCI. 3 H 2 O ; the second 
eutectic with the two hydrates, HCI. 3 H 2 O : 

HCI. 2 H 2 G ; and the third eutectic with the 
system, HCI. 2 H 2 O : HCl.HgO. Each of these 
three systems behaves like ice and brine. The 
three maxima thus correspond with the three 
hydrates, IICISR^O ; HCI. 2 H 2 O ; HCI.H 2 O. 

All three hydrates have been isolated in the 
form of white crystalline solids. With more cone. soln. the liquid separates into 
two layers on cooling. The lighter liquid is almost pure hydrogen chloride 
with very little dissolved water. Soln. with between 67 and 99 per cent, hydrogen 
chloride do not exist at low temp. The solubility of water in liquid hydrogen 
chloride, LK, is less than 0*1 per cent, at 0°, and at the most 0*2 per cent, 
at 30®. The lower aq. layer, GH, represents soln. of liquid hydrogen chloride in 
water, which decreases with rise of temp. : 

- 1 . 5 ® ’5® 0 ® 5 ® 10 ® 20 ® 30® 40® 50® 

HCl. 1)7*3 66-4 65*9 65*5 65*2 64*2 63*2 .62*3 61*6 per cent. 

Below — 15®, the aq. layer freezes to crystals of the monohydrate. The solubility 
curves HG and LK do not apj>roach a critical soln. temp, with rising temp. ; at 
54*5°, the HCl layer vanishes, on account of its proximity to the critical temp, of 
hydrogen chloride. The curve LM represents the solubility of the monohydrate in 
liquid hydrogen chloride. The existence of an octohydrate, HC1.8H20, has been 
inferred from the heat of soln. of hydrogen chloride in water ; but it is quite an 
imaginary hydrate, for it has not been isolated. If it does exist, its presence is not 



Fio. 13. — Equilibrium Curve of the 
Binary System HCl— HjO, 
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indicated on the f.p» ciirvo» Fig. 13, Maximal points in a f.p. curve of a binary 
mixture thus represent compounds, minimal points eutectic mixtures. Th6 
freezing or melting point curve of a mixture of two (or more) substances is often 
sensitive enough to demonstrate the existence of the more stable compounds, 
but it is too rough and inaccurate for the less stable compounds, and there are 
compounds stable outside the range of the conditions represented by the curve. 
For example, several delinite compounds of phosphorus with sulphur or selenium 
have been prepared which arc not represented on the f.p. curves. Nevertheless, 
this method of investigating stable hydrates has been applied to ammonia, ferric 
chloride hydrates, perchloric acid, sulphuric acid, nitric acid, etc., and it has 
important application in metallurgy. G. Baume and co- workers also studied the 
binary systems : IICl and H2S ; HOI and C2H6 ; HCI and C2H5.COOH ; HCl and 
(II3OH ; HCl and SOo ; and IICl and CH3CI. 

.r. Kendall, J. E, Booze, and J. C. Andrews^ have shown that the formation of 
hydrates, in the sense of water of crystallization, with the weak acids very seldom 
occurs, and when liydratos are formed, the Jicid has the amy)hoteric character of a 
phenol. There is also a regular increase in the tendency of an acid to form hydrates, 
as the strength of the acid increases, until, with the strong acids, well-defined 
stable h3"drates appear. The complexity and stability of tlie hydrates increase 
with the strength of the acid. These facts are in harmonj^ with the weak acid 
nature of water. 

The solubility curves of hydrogen bromide have been investigated by 
H. \V. B. lloozeboom and S. U. Ifickering.^ The absorptir)n coefT. B is indicat(Ml 
below. H. W. B. Roozeboom gives for the number of grams of hydrogen ])roinide 
(' ])er 100 grms. of soln,, or per IW grms. of water, between 7b0 and 705 mrn. 
press. : 


a 


- 20 ' 


247*5 


- 10 " 
233-5 


0 ° 

22i-2 

6B-85 


10 " 

581*4 

210*3 

07*76 


532* 1 
103*0 
65*88 


50" 

7.>'’ 

100" 

468*6 

406*7 

344-6 

171*5 

1 50* 5 

1300 

63-16 

60*08 

56*52 

755 per 

cent, ol 

II Br at 



64*8° to 3*100 per cent, of JlBr at —1*5". The solubility with tJie tetrahydrate 

as tlie solid phase ranges from 54*772 ])er cent, of 
11 Br at — 56*8° to 47*060 at -66*5" ; and with the 
triliydratc us the solid ])hase from 59'517 per 
cent, of JTBr at -47*ir^ to 47*9° to 55*699 at 
—54*0". These solubility curves are eq. to the 
f.p. curves shown in Fig. 14. The hydrates of 
hydrogen bromide are therefore monohydrated 
hydrogen bromide, HBr.JLO, stable between 
“-3*3° and ---ir)*.5°, and between 1 and 2.J atm. 
prcvss., and in soln. containing between 1-21 to 
1-64 mol. of water to a mol. of hydrogen bromide. 
Outside one extreme of these limits liquid hy- 
drogen bromide appears, and oul^side the other, the dihvdrate. The m.p. of the 
dihydrate has not been observed. Dihydrated hydrogen*^ bromide, 1 1 Br 211.0 is 
stable ])etween -15*5° and -11*3°; and between -11*3° and 47 9°, at abmit 2J 
atju. press., and in soln. containing 1'64 to 3 05 mol. of hydrogen bromide to one of 
water. The solid phases outside tlie extreme limits are the di- and tri- hydrates. The 
dihydrate forms white crystals of sp. gr. 2*11 (—15°). According to H. W B 
Roozeboom, its heat of formation at —15° is l()-92 Cals. M. Berthelot’s values i4*2 
Cals, refers to the lieat of formation of the liquid. Trihydrated hydrogen bromide 
HBr.SHgO, is stable between 47*9° and —36*8°, in soln. containing from 3-r)r> to 3*71 
mol. of water to one of the bromide. The extrapolated m.p. is —47*5°, and the two 
solid phases outside the extreme limits are the di- and tetra- hydrates. Tetrahydrated 


Grms.HBr. in loog'rms. HzO 
Kjo. 14.' — fi^quilibrium Curve of 
the Binary System Hr3r — HgO. 
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hydrogen bromide, HBr.4Jl20, is stable at about — 55'8° or — in SOto. cOD~ 
taining about 3*71 mol. of the bromide. Its m.p. is — S. U, Picketing BlSO 
assumed the formation of pentahydrated hydrogen bromide. HBr. 5 H 20 , but there 18 
some doubt about the existence of tbis compound. G. Baume and N. Georgitses 
also studied the binary system HBr and H 2 S. 

The solu])ility curve of hydrogen iodide is indicated in Fig. 15, whicii also 
represents the f.j). curve. Since the quantity of absorbed gas changed very little 
with variations of teinp., M. Berthelot concluded that hydrates must be formed in 
aq. soln., and S. U. Pickering investigated the f.p. aud saturation curves in the 
system : hydrogen iodide and water. He showed the existence of the three 
hydrates indicated in the diagram by passing hydrogen iodide into hydriodic 
acid cooled by a freezing mixture, (i) a mass of 
crystals of dihydrated hydrogen iodide, HI. 2 H 2 G, 
melting at about — 43'^ ; (ii) small granular 
crystals of trihydrated hydrogen iodide, III. 3 H 2 G, 
juelting at about —48'" ; and (iii) large crystals 
of tetrahydrated hydrogen iodide, HI. 4 H 2 O, 
melting at about — 36*5^^. M. Berthelot's 

HI.4*7H20 is probably the imperfectly dried 
tet rally drate. 

The effect of jiress. on the solubility of 
hydrogen chloride was determined by H. E. 

Roscoc and W. Dittmar. In the first case, the 
indicated press, in mm. of mercury were obtained 

by subtracting the vapour press, of water from the observed press. The amounts 
of hydrogen chloride in grams dissolved by KX) grins, of water at different press., 
and at 0*^, arc : 



0 'HT 80 m f60 iiOOSiC 280 .VO 360 wo 
Grms. H! in 

Fio. 15 . — K(piilibriiim Curve of 
the Binary System HaO — HI. 


Grams IICl . 


(U) 

6C3 


JOO 

66-7 


200 

70-7 


400 

76-3 


r>oo 

80-0 


750 

82*4 


1000 

85*6 


1200 mm. 
89*5 


The solubility of the gas docs not follow Henry's rule : the amount of gas 
dissolved at a constant temp, varies proportionally with the press. If it did, since 
KK) grms. of water dissolve 89*5 grms. of the gas at K.HX) nim. press., the solubility 
at one-tenth this press., viz. at ICX) mm. press., should be one-tentli tliis amount, 
viz. 8'95 grms., whereas the actual amount dissolved is 65*7 grms. This behaviour 
of the gas, says H. E. Roscoc and W. Dittmar, renders it neciessary to assume that 
there is a powerful attraction of the nature of chemical affinity between the molecules 
of water and of the gas, and which is different from tlie attractive force between the 
molecules of the water and tlic molecules of other gases which follow Henry’s rule. 
According to the ionic hy£)othesis, it is assumed tliat the greater portion of the 
dissolved gas is ionized, and that only the smaller portion which is not ionized 
follows Henry's rule. H. \\. B. Roozeboom found similarly at tcni]). below if, the 
amount of gas in grams dissolved by KX) grms. of water at press, above and below 
760 mm. is 86*8 grms. at and 334 mm. press. ; 92*6 grms. at —10'' and 

5H0 mrn. ; 98*4 grms. at — 18^' and 000 mm.; and 101*4 grms. at — 17*7'' and 
1073 mm. 

As in the case o[ liydrogcn chloride, the effect of press, on the solubility of 
hydrogen bromide in water is not in accord with Henry's law. Thus, 11. W. B. 
Roozeboom found that at 0°, a gram of hydrogen bromide at 5 mm. press. ; 2*501 
at 380 mm. ; 2*116 at 540 mm. ; and 2*212 at 760 mm. press, lie also examined 
the press.-temp. concentration curves. 

The specific gravity and concentration,- The sp. gr. of aq. soln. of hydrogen 
chloride of various cone, have been determined by J. Kolb, J. C. G. de Alarignac, 
G. Lunge, etc.® G. Lunge's results arc indicated in I'alile VI for various cone, of the 
acid at 15'' ; water at 4" unity. 
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Tabx^e: VI. — Speciitic GnAviTiEa oj* HydrochIjOric Acid oh* Different 

CONCENTB ATT ONS . 


SpfjcUic gfravity 

100 pai ts by 
weight curre- 

1 litre 

Specific gravity 

100 partH by 
weight corre- 

1 Mt.ro 

at irj'* In 

ftponti to partii 
by weight of 

cental tia 

at If/' In 

Hnond to parts 
by weight of 

contains 

vacuo. 

g. of Hcn. 

vacuo. 

g. of HCI. 


HCI. 


HCI. 


l-OOO 

016 

1-6 

1*105 

20-97 

232 

1005 

1-15 

12 

1*110 

21*92 

243 

1010 

2*14 

22 

M15 

22*86 

255 

1-016 

3-12 

32 

M20 

23-82 

267 

1-020 

4-13 

42 

1*125 

24*78 

278 

1-025 

5*15 

53 

1-130 

2o*76 

291 

1030 

6- 15 

64 

1-135 

26-70 

303 

1036 

7-15 

74 

1-140 

27*66 

315 

1-040 

8*16 

85 

1*145 

28*6J 

328 

1-046 

9*16 

96 

1-150 

29*67 

340 

1*060 

10*17 

107 

1*155 

30*55 

353 

1-0.55 

11*18 

118 

1*160 

31*52 : 

366 

1000 

1219 

129 

1*165 

32*49 ! 

379 

1*065 

1319 

J41 

1*170 

33*46 1 

392 

1*070 

14*17 

152 

1*175 

34*42 1 

404 

1*075 

15*16 

163 

M80 

35*30 ! 

418 

1*080 

16*15 

174 

1*185 

36*3 1 1 

430 

1*08.5 

17*13 

186 

JI90 

37*23 1 

443 

1*000 

18*11 

197 

1*195 

38*16 

456 

1*095 

19*00 

209 

1*200 

39*11 

469 

1-100 

20*01 

220 

i 




The percentage composition p of a soln. of sp. gr. I) is nearly 2^--=200(/) — 1). 
J. Thomsen based the formula 


Specific gravity, I) 


100 

100 


/lOO 

KK) 


- l-0765pY 

- 0’72(ip / 


for the relation between the sp. gr. T) and the amount of liydrogen chloride p in 
grams in 100 grins, of soln, upon some old sp. gr. tallies of A. Ure. II. Gautier has 
shown that the amount of hydrogen chloride in grams in 100 grms. of soln, is given 
approximately by dividing the sp. gr. less unity by 5*1. Tlie sp. gr. of soln. of 
hydrogen bromide of different concentrations is indicated in Table VII. 


Table VII. — Specific Gravities of Hydkobromic Acii> of Different Concentrations. 


Per 

! 










cent. 

HBr. 

” 1 

i 

1 

2 

3 

4 

ry 

6 

7 

8 

9 

0 

1 

i 

1*007 

1*014 

1*021 

1*028 

1*035 

1-043 

1-050 

1-058 

1-065 

1 

1*073 I 

1*081 

1*089 

1*097 

^ 1*106 

1*114 

1-122 

1-131 

1-140 

1*149 

2 

1*158 1 

1-167 

1*176 

1*186 j 

1*196 

1*206 

1-215 ; 

1-225 

1-235 

1-246 

3 

1-257 i 

1*268 

1-279 

1*290 

1*302 

i'3l4 

1-326 i 

1-358 

1-351 

1-363 

4 

1-376 j 

1*389 

1*403 

1-417 

1-431 

1-445 

1 

1 

i-459 : 

i 

1-475 

1-487 

1-502 


The sp. gr. of soln. of hydrogen iodide sat. at atm. press, is 1*99 or 2 00, and it 
fumes in air. The sp. gr. of different concentration s,« between 12" and 14®, is 
indicated in Table VllI, where tin? numliers are referred to water at the same temp. 
The sp. gr. of hydrobromic or hydriodic acid does not increase proportionally with 
the cone. The numbers by different observers are not very concordant. 
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Taulb VIII. — Spbcibio Gravitiks of Hydriodto Acid of Different CcNCENTRATiONa. 


Per 

cent. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

of HI. 

0 


1-007 

1-015 

J-022 

1-030 

1*037 

1-044 

1*052 

1*059 

1-066 

1 

J-072 

1-081 

! 1-090 

1-1 00 

1*109 

M18 j 

1*127 1 

1*137 

1*147 

1*157 

2 

MC7 

M77 : 

1-188 

1*199 

1-210 

1-221 1 

1*231 : 

1*242 ‘ 

1*252 

1*263 

3 

1-273 

1-284 I 

1-296 

J-306 

1*318 

1*330 : 

1*343 1 

1*359 1 

1*370 

1*388 

4 

J-406 

1-419 ! 

1*432 

1-445 

1-470 

1*485 ! 

1*490 

1*506 1 

1*623 

1*639 

5 

1-567 

1-586 1 

1-600 

1-614 

1 

1-620 

1*649 i 

1*669 i 

1*689 1 

1 




The molecular volume^ v, of hydrochloric acid® containing ii mol. of water is 
given as v-^iSn-]-10n ^. The niol. vol. of dil. soln. of hydrogen cliloride were 
found by F. Kohlrausch and W. Jlallwachs to increase regularly with the molecular 
concentration. According to M. Berthelot and W. Louguinine, the mol. vol., v, of 
soln. of hydrogen bromide, HBr+rJloG, is v ^^+25T) ; and of hydrogen 

iodide, H1+^H2G. is 

Coefficient of thermal expansion.- -According to J. Kolb, the coeff. of thermal 
ex])ansion of the cone. 43*09 per cent, acid is 0*058, nine times greater than that of 
water, while with ordinary- 36*6 j)er cent. - acid, the coelT. is eight times larger than 
water. J. 0. G. de Marignac found that if 7i denotes number of mol. of water per 
mol. of liydrogen chloride, 6 the teni])., a the coeff. of thermal expansion, and I) the 
sp. gr. when the sp. gr. of water is 0*99826 : 


TABt.E IX. 


n 


5-26 

12-5 

25 

50 

JOO 

200 


ill :«)40 — OO 35 O 490 +0-050006fl» 
l-OT^O? -O-dsOOOlfl— 0'(t,1666<l» 
1 0394(i 0 0., 158061 -0 0;;i25302 

, 1-02005 -0 0.,06736>- 0 0s4378tf=“ 
j 1-01071 - 0-0j0313^-0-0j4845e2 
I l-005(i0-0-(ta01 730-0-054847^= 


/) at 20“ 


o at 20“ 


1-12030 
1-06700 
] -03500 
1-OJ 755 
1-00815 
1-00330 


O-O3446O+O-OjO 43O0 i 0-0,4646 
0-0,2800+0-0,33010 0-0,3460 

0-0,1516+0-0,64180 0-0,2799 

0-0,0652 + 0-0,87100 ' 0 0,2394 
0-0,0284 +0-0,97800 0-0,2240 

0-0,0153+0-0,97680 0'0,2107 


G. Lunf;c and L. Marchlewsky found tliat between 13° and 17° the sp. gr. of 
hydroehloric acid, between 1-0(X) and riMO, increases or decreases 0'(X)2 per degree 
below or above the standard ir)° ; for an acid between 1-041 and 1‘085, +0-003 ; 
between 108(5 and 1120, 0-(.X14 ; between 1-121 and 1155, 0-(X)5 ; and between 
1-J56 and r2(K), ()-()06. N. A. Tschernay found the volume, v, of hydrochloric acid 
at to be for HCl h6‘25HaO, t;--=l-4-O-O3446O0+O O8212502 ; HC1+12-5H20, 

t,-_.144)-O328O()(? +O-OBl65O02; IICI4-25H2O, v=H-O-O3l515d4-O O632O902 ; for 
HCl-J-bOlIgO, 1+0-046520 +-0-06435502. Q. Tammann and Z. Kozarzewsky and 
N. A. Tschernay found the maximum density of soln. with n mol. of hydrogen 
chloride per ICKX) gnus, of water, and tlie coeff. of thermal expansion o, at 20°, to bo : 

n . . . 0-41 0-94 1-71 2-01 2-99 

Temp. . , 119-’ -2-26" -10-64° -14-46° -26-26° 

« at 20° . . 0-00021 C-00023 0-00025 0-00026 — 

The maximum density of a 1-98 per cent, soln, of hydrobromic acid is 2-30°. A 
litre flask of an approximately normal soln. of hydrochloric acid at 15° requires the 
addition or subtraction of the amounts in c.o. indicated in Table X, according as the 
temp, is above or below the standard 15° ; and for one-tentli normal soln. or soln. 
of less concentration, the amounts indicated in Table XI. 
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X.*“-Tji:MPKK ATTIRE CORRECTION FC>li iV-HCli SOLUTIONS. 


Temp. 1 0 

1 

o 

1 

1 3 

1 

4 

r» 

« 

7 8 

* 

9 

! 

0 I — 

_ 


1 _ 


4-1*3 

+ 1-2 

4M i 0 

4-0*9 

1 1 -1-0*8 

+0-7 , 

-fO-5 

1 +0-3 

-h0*2 

Unit 

-0-2 

-^0*4 1 -0*6 

-0*8 

2 1 -1*1 

i 

-1-3 

-1-6 

, -1-8 

' 

-2*1 

-2*3 

-0-5 

—2*8 ' “ 3*1 

' 

— 3*4 



Table XI. — Reduction 

FOR THE Change of 

THE Apparent Volume of a Litre of 



Watj<:u with Temperature. 



Temp. 0 

1 

' 

o 

! * 

4 

5 

0 

7 8 

9 

0 — 



■ 


4-0*63 

4 0*63 

-fO-BO ' +0-57 

4-0*53 

1 4-0*48 

f0*41 

4-0*32 

4-0*22 

4-0*12 

Unit 

-0*13 

-0-28 ; -0-43 

-0*60 

2 -0*77 

-.0*96 

-0*16 

-1*37 

-1*58 

-1*81 

-2*05 

-2-3() i -2-r.7 

-2*82 

3 -3*10 

-3*38 

-3*67 

-3*97 

-4*28 

-4*60 

-4*93 

-5-27 i -6-BJ 

-5*96 


Accordinjr to \V. 11. Perkin,^ the ftp. gr. of a 42 ‘7 per cent. soln. of hydriodic acid 
is 1*4537 at 10” ; 1*4507 at 15”; 11184 at 20 '; and MKw at 25”. 

Viscosity. — The viscosity,^” t], of soin. of liy(lro(‘liloric acid containing N mol. 
of HCl per litre, dei.ermiiied liy W. II. (Irccn at 24*9”, referred to water at 0” unity, 
and also in absolute units : 

N . , 0 2 4 G 8 JO 12 

Kolativo, , J‘0000 012.14 02572 IMIOS 1*6041 1*8432 2*1387 

Absolute,??. 0*008977 0*010085 0*011286 0*0126650 0*0143090 0*016545 0*19198 

At low temp, the viscosity increases very much. F. Dorn and 13. Vollnier found 
the Auscosity of ilie 24*3 cent, acid to be ()'()1635 at 15”, and at —79” approxi- 
mately 0*9. According to R. Reyhm*, the viscosity rj of normal hydrobromio acid 
at 25”, referred to wate.r at 2t5”---unitv, ivS 10320 ; and for soln. of concentration (7, 
7?— l*0378e. According to F. Kohlrauscli, at 18”, 5, 10, and 15 per cent. soln. have 
re.sjiectively the viscosities 0*(X)0637 ; 0 (K)1318 ; and 0 ()0201(>. 

Rate of diffusion.- -The coeh. of dilTusion of hydrogen chloride in a((. soln., 
determined by .1. D. R. Scheffer at 0”, is, for soln. containing N mol. of IICI per 
litre, in sc[. cm. per day : 

iV . . . 4*23 3*28 2*43 1*775 0*962 0*210 

Diffusion coeir. . 2*31 2*08 1*86 1*67 1*.52 1*39 

at 19*2”, and vY- -3*2, the coeff. is 3*89 ; and for iV--0*O2, 2*12 for hydroliromic acid 
in dil. soln. at 18”, the diffusion coeff, is 2*18 sq. cm. ])er day ; and for hydriodic acid, 
2*46 8([. cm. per day. According to C. Umotf, the diffusion coeff*. of hydrogen 
chloride is 490x10“^ S([. cm. per sec., and of hydrogen ])roinidc 497 XlO* ^ sq. cm. 
per sec. The velocities of diffusion of the tlirec aeids are related as 989 : 965 : 994. 

The compressibility of soln. of 250 litres of gas in a litre of soln. is 0*CK)00366 at 
20*5”. This is less than the value for water, and is eonsKh^ed by F. Isambert 
to indicate that a compound is formed in the soln. \V. (^. Rontgen and J. Schneider 
measured the conqiressibility of liydrochlorio and hydrobromio acids. They found 
for a 2*51 per cent. soln. at 17*5”, a i*om|»ressibility of j3-“~0*CKX)04295 ; and of a 
5*24 per cent, soln., 0*0000418. M. Schmidt found for a 36*7 per cent. soln. of the 
former acid, 0*0000377 at 15*8”. W. C. Rontgen and J. Schneider found the com- 
pressibility of a 10*77 per cent. soln. of hydrogen bromide at 17*72” is 0*00004419 ; 
and of a 5*23 per cent. soln. at 17*8D is 0*(XH)O4511. 

Vapour pressure. — I’he partial press, of hydrogen chloride for aq. soln, of the 
gas has been measured by F. B. Allan at 18*4”, by R. (laid at 25”, and by F. Dole- 
zalek at 30°. If C denotes the number of grams of hydrogen chloride per 1000 grms. 
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of the solvent at 25°, S. J. Bates and H. D. Kirs(;liman found that the partial press., 
of hydrogen chloride, bromide, and iodide in mm. of mercury are : 

C . . 40 50 0*0 70 80 90 100 11 0 

;3(HC1) , 0-0182 00530 0 140 0-348 0*844 1-93 4-20 — 

p(Hfir) . *- ~ 000151 0-00370 00089 0022(5 0059 0 151 

7>(H1) . — — 000057 0-00182 000(55 00295 0-132 — 

According to F. Dolezalck, for l OSA'-HCl the ])artial press, of the hydrogtm 
chloride is 0*24 mm,, and for 12*25^-8010., 337 mm. If x denotes the number of 
mol. of hydrogen chloride divided by the number of mol. of water, the partial 
press, of the more cone. soln. of hydrogen chloride, j) mm. at 30“, is given bv 
logio ?^=7*9 logio ^+b*G421. -J- ^od H. D. Kirschman found the free 

energy of the hydrogen halides in a<[. soln. of n mols. per 1000 grins, of water at 25*'’ 


n 


01 

6-0 

7-0 

8-0 

9*0 

100 

if Cl . 

• 

-aisso 

-27790 

27250 

-20725 

- 2<532r> 

- 25775 call 

HBr . 

• 

-275r)0 

-203(55 

— 19830 

~ 1 9300 

- JS700 

-I8IS)0 „ 

HI 

• 

— 152t)0 

- 8035 

--73<50 

— <51500 

5700 

-4SJ5 „ 


According to H. W. B. Roozeboom, D. Konowaloff, and M. Bodenstein and 
A. Geiger, the vajiour press, of soln. of hydrof>romic acid with 2*056 grins, of 
HBr per gram of water is 10 cm. at — 25°, and 38 cm. at 0 ” ; for a vsoln. with 2*120 
grins, of HBr for gram of water, 14 cm. at —25^, and 51 cm. at 0 *^ with a soln. 
containing 2*116 gnus, of HBr per gram of water. A soln. containing 2*268 grins, 
of HBr per gram of water has a vap. j)ress. of 30 cm. at - - 25°, and 73 cm. at — 5° 
when the soln. contains 2*261 grins, of HBr per gram of water. 

The partial press, of liydriodic acid is very small on account of the aflinity of tlie 
hydrogen iodide for water. According to P. ytegmuller, for soln. with 5*5 mols. of 


hydrogen iodide per litre, the partial ])ress. of Iiy- 
drogen iodide is 0*(XXX)112 atm. at 31 *6 ’ ; 0*()()00873 
atm. at 55*2° and 0*000661 at 81*6°; similarly, for 
a soln. with 4*62 mols. of liydrogeu iodide per litre, 
the partial prcvss. is ()*(HXX)0l2J atm. at 31’6° ; 
0 0000107 atm. at 55*2'; and O OCKMJIKJI atm. At 
81*6°. 

Boiling points. — The eJTect of hydrogen chloride 
on the b.p. of water is illustrated by the curve, Fig. 
16. The fact tliat the cone, acjd becomes weaker 
and tlie dil. acid stronger when boiled was known 
to ,J. Dalton in 1802, and the subject was 
investigated by A. Biiieau in 1843, and by 11. E. 
Roscoe and W. Dittmar in 18(i0. The latter showed 
that if an a((. soln. of liydrogen chloride con- 



0 io 'W 60 do too 


Per cent; HCl 

Fio. 1(>. • J 5 oiling Points of 

Aqiioous Solutions of Hydro- 
gen Chloride. 


taiiiing more than 20*21 per cent. HCl be heated, 

hydrogen chloride with but little water is given off ; the soln. becomes less 
cone. ; the vap. press, of the soln. diminishes ; and consequently, the b.p. 
rises as indicated by the curve. ^Phis continues until the soln. contains nearly 
20*24 per cent, of HCl, when its b.j). attains a maximum value, 110° ; any 
further boiling docs not affect the concentration of the aq. soln, because dil. 
acid containing 20*24 per cent, of HC3 distils unchanged. Again, if an aeJd con- 
taining less than 20*24 per cent, of HCl be boiled, water accompanied by a little 
hydrogen chloride passes off ; the b.p. of the soln. gradually rises ; and at the saiiu*. 
time the soln. becomes more cone, until it contains 20'21 per cent. HCl, when tiie acid 
of constant b.p, distils over unchanged at 110°. Hence 110° is the maximum b.p. 
of hydrochloric acid at atm. press. Similar phenomena occur with nitric and with 
several other acids. A. Bincau thought tliat tlie which (jorrespouded with the 
maximum b.p. was an octohydrate — that is, a chemical compound of hydrogen 
chloride and water — HCI. 8 H 2 O ; but H. E. Roscoe and W. Dittmar showed that 



190 


INORGANIC AND THEORETICAL CHEMISTRY 

the composition of the constant boiling acid varies with the press., and sihd^ com- 
pounds do not usually vary in composition with clianges of press., A. Bineau’s 
hypothesis has been abandoned. For examjile, tlie composition of the constant 
boiling acid obtained at different press, varies from 23*2 per cent, hydrogen chloride 
with a press, of 50 mm. to a 18*0 per cent, acid with a press, of 25(X) min. 

A. Bineau also showed that by conducting a stream of air through cone, hydro- 
chloric acid, at 15^, the residue with a constant composition contains 25*2 per cent, 
hydrogen chloride corresponding with tlie hexahydrate, HCl.GIlaO. Conversely, 
with a dil. acid, water is lost until the residue has tlie same composition. In con- 
firmation, T. Graham observed a sjjecial retardation in the rate of flow of hydro- 
chloric acid of diminishing concentration tlirough cajhllary tubes with an acid 
corresponding with HOI.6H2O, and assumed that a definite hydrate was formed. 
H. E. Roscoe and W. Dittmar showed that at 0*^ the residue of constant composition 
has 25*0 per cent, hydrogen chloride, and as the temp, rises, the acid of constant 
composition has lesvS and less hydrogen chloride, until, at 1(X)^, it contains 20*7 per 
cent, of this gas in soln. H. E. Roscoe and W. Dittmar also showed that an aq. soln. 
of hydrogen chloride which remains unchanged, at a definite press., boils at a certain 
definite temp,, and is identical with the soln. obtained by treatment with a streaiii of 
dry air under ordinary press, and the same temp. For example, a soln. with 22*8 
per cent, of hydrogen chloride boils constantly between 61 ^ and 62^ at 100 mm. 
press., and a soln. of the same concentration is obtained by leading dry air through 
acid at 62"". With soln. of oxygen, ammonia, hydrogen, and nitrogen in water, the 
more volatile constituent leaves the soln. before all the boiling watf^r has evaporated. 
Hydrochloric acid with the constant boiling composition evaj>orates as a mixture 
of water vapour and hydrogen chloride. 

Fuming liquids. — Soln. containing over 20 per cent. HCl fume in air. Since 
cone. aq. soln. of hydrogen chloride have a vap. press, greater than water, we can 
see a reason for the fuming of hydrocliloric acid in moist air ; however cone, the 
acid, it docs not fume in a liottle containing air dried by sulpliuric', acid. We know, 
of course, that hot water appears to fume in air because the cooler air in the vicinity 
of the hot water is quickly sat, with water vapour. Water at ordinary temp, does 
not fume because it cannot give oil more va])our tlian the air at the same temp, can 
retain. Cone, hydrochloric acid fumes becjauso tlie vapours wliicli are given oil 
unite with the aq. vaj). in the atm. to foi*m an acid with a smaller vaj). jiress. than 
that of the cone. acid. Consequently, the air in the vicinity of the cone, ac-id is 
very quickly sat. with resjiect to tlie vapour of the new acid which is formed. The 
new acid, in consequence, condenses to minute globules of liquid wliicJi appear as 
mist. Dilute acids do not fume because any vapours which tlicy give oil* do not 
form a liquid with a greater vapour press, than water. Hence, only those substances 
fume which give off vapours which unite with water to form a mixtlire or a compound 
with a vap. press, greater than water. 

Hydrobromic and hydrioclic acids beJiave in a similar manner. A. Jbneau.^'' and 
P. Champion and H. Pellet found that constant boiling hydrobromic aind l>oils at 
125'" to 125*5'^ at 758 mm. press., and this acid has a sp. gr. 1*486, and contains 
46*83 per cent, of hydrogen bromide. Hence A. Bineau thought it contained the 
pentahydrate HBr.5ir20, but H. E. Roscoe showed that, as in the case of hydro- 
chloric acid, the acid which boils constantly at 126' under a press, of 76() mm. and 
which has 47*86 per cent, of HBr, boils constantly at ] 53'" under a press, of 1952 mm. 
and then contains 46*3 per cent. BHr. A. Bineau also found that in a desiccator 
over cone, sulphuric acid and potassium hydroxide, the residue contained 49*46 per 
cent, of HBr corresponding with HBr.9H20 ; the residue obtained on leading air 
through the acid at 16° contains 51*65 per cent, of HBr, and at 10C)°, 49*35 per cent. 
The most cone, acid has a sp. gr. 1*78, and contains 1*46 grins. HBr, or 82*02 per 
cent. HBr. 

Constant boiling hydriodic acid boils unchanged at 127°, 774 mm. ; it has a 
sp. gr. 1*708 ; and contains 57*0 per cent, of hydrogen iodide. If dry air be passed 
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throu^ tkc acid at 15^-19°, the residue contains GO'S to 60*7 per cent, of HI ; 
and at 100^, 58*2 to 58'5 per cent, of HI. A. Bineau regarded the constant boiling 
acid as a compound 2111. HH 2 O, but as H. K. Roscoe proved, this acid is not a 
chemical individual. An acid with over 1*7 sp. gr. fumes in air, A soln. sat. at O'" 
has a sp. gr, 1*99. 

Freezing points* — ^Numerous determinations 1 ® of the f.p. of hydrochloric 
acid have been made, and this acid has been regarded as a typical example for 
testing the deductions of the ionic hypothesis. The molecular lowering of the 
f.p., i.e, the cjuotient of the lowering of the f.p. by the mol. wt. rises from 2*52 for 
0 *0)0036 A^-soln. to a maximum of 3*680 with 0*()0305()A^‘Soln. ; it then falls to a 
minimum 3*546 with approximately 0*10iV-soln., and slowly rises to 10*16 with 
6 *0iV-Boln. For com])lete ionization, the molecular lowering of the f.p. should 
be 2x1*858=3*716. Hence, the more dil. soln. are almost completely ionized, and 
the degree of ionization slowly decreases with increasing concentration. A. A* Noyes 
and K. G. Falk thus summarize the best representative values for 0*005iV- to 
O lOiV'-soln. : 


^-soln. 

0*005 

0*01 

0*02 

0*05 

0-10 

Mol. lowering 

3*700 

3*669 

3*637 

3*591 

3*555 

Ionization . 

. 99*1 

97*5 

95*7 

93*3 

91*7 per cent. 


It is possible that the drop observed by 11. Hausrath with soln. more dil. than 
0*003 is duo to secondary disturbances. The fall from 0 0037V- to a])out 0*2 iV- 
soln. is due to decreasing ionization, and the subsequent increase in the molecular 
lowering of the f.p. is thought to be due to the formation of hydrates. The f.p. 
curves of aq. soln. of the three haloid acids are shown in Figs. 13 to 15. 

Heats of solution.- The heat of formation of a mol. of hydrogen chloride with the 
hydrogen and chlorine in dil. soln. is Harj.+Olaq. =1101+39 Cals. J. C. G. de Marignao 
represents the mol. ht. of formation, Q, of dil. soln. of hydrogen chloride, HCl+nIl 20 , 
by the formula Q=18w-f ir6r)+14bn“i—268w“”2 ; and H. Hammerl, for cone, soln., 
gives Q=18n+28'934-151’3n *--~242’lw If a mol. of hydrogen chloride is 
dissolved in an excess, say, 200 to 300 mol. of water, the mol. ht. of soln. is 17*3 to 
17*4 Cals.*-® The heat of soln. of hydrogen bromide : HBrgag+Aq.=HBra,| +19*9 
Cals, or 20*0 Cals.; the heat of formation of the acid: H^aH+Brgra»+Aq.=HBraq. 
+32*0 or 33*3 Cals, ; Htja?i+Briiq,=HBraq.+28*3 or 29*6 Cals. ; and further, 
llKart+Braq,”“‘^7*8 or 19*1 Cals. Likewise with hydrogen iodide, Hgas+lHoiid 
+Aq. =111+13*17 Cals. ; Hga»+Tsoiid+Aq. =111+20*686 Cals. The heat of soln. 
is smaller if less water be present ; thus, J. Thomsen found that if n denotes the 
number of mol. of water per mol. of hydrogen chloride, the heat of soln. of a mol. 
of the gas, at 18"', is 

n . . 1 2 3 6 10 20 50 100 200 

Boat soln, 5*376 11*365 13*362 14*059 16*157 16*756 17*115 17*236 17*316 cals. 

M. Bcrthelot thinks the heats of dilution of hydrochloric acid favour the view 
that an octohydrate is formed, but this view is not generally accepted, H. von 
Steinwehr coinputod the heats of dilution of acids of different concentration. 
J. H. ElJis gave for the heats of dilution of HCI+ 2 OH 2 O to HCl+wHaO, for w=30, 
0*192 Cal. ; w=50, 0*336 Cal. ; ^= 100 , 0*445 Cal. ; w=200, 0*515 Cal. ; n==i00, 
0*564 Cal. ; /2=800, 0*605 Cal. ; and n==2000, 0*646 Cal. The heat evolved 
when a soln. HCI+WH 2 O is diluted to 2 OOH 2 O is, according to M. Berthelot, 
^=11620^^ 1 cals. ; and when a soln. IlCl-hwHaO is diluted with WH 2 O, 
Q=11980{n^i— (w+m) 1}. T. W, Richards found the heats of dilution from 
HCI +8 8 H 2 O to HCI+ 2 OH 2 O, and thence to HCI+ 2 OOH 2 O, to be respectively 
0*556 and 1*330 Cals. ; and E. Bose has shown that if a soln. contains x per cent, 
of water, the heat of soln. Q will be Q=252*28808a;— 0 09894092a;2— 0'006995567a;8. 

The heats of neutralization of eq. amounts of the hydroxides of the alkalies and 
alkaline earths, ammonium, magnesium, and thallium are between 12 and 14 Cals. ; 
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for mercuric oxide, and zinc, <*a(lmiuni, manganous, ferrous, cobaltous, mclc^OUS, 
and aluminium hydroxides, between 9 and 11 Cals. ; for lead and cupric oxide; 
cupric, ferric, and cJiromic liydroxidc, between 5 and 8 Cals. ; for mercurous olidfe, 

If) Cals, ; and for silver oxide, 21 Cals. It is assumed that in the two last-named , 
cases compounds arc 3 formed ; that the acid and base and reaction products are 
wholly ionized when the heats of neutralization approximate 13*5 Cals. ; and that 
ionization is only partial in the other cases. 

Th(‘ behaviour of hydrobromic and hydriodic acids is somewhat similar. • The 
heat of sobi., of hyclrogen bromide HBrd-wH 2 G ; and the heats of dilution, 
of to HBr+2(X)HoO at 15*^, when the results are expressed in (Jals., ii , ** 

n..() 2 3 4 5 6 7 ’8 10 

Q. . ,0 13*02 10*15 17*3 17*9 18*4 18*8 18*9 19*0' 

. . 20*0 008 3*85 2*7 2*1 I*(> 1*2 ^1*1 1*0 

Similarly, for hydrogen iodide, at I?"", 

n . . 2 3 5 10 20 50 100 600 

O . , 12*54 14*81 17*38 18*58 18*99 19*14 19*18 19*21 

, 6*67 4*40 1*83 0*633 0*22 0*07 0*03 — 

G. N. Lewis and H. Storcli jucasured the free energy of dilution of hydrobromic 
acid from a concentration of O lOiV- and () 03A-HBr to a concentration of 0*01 iV-H Br 
to be resj)ective]y - 2*582 (Vils. and — 1*239 Cals. For very diL soln. of liydrogcn 
bromide, the heat of soln., Q, according to Fj. Bose, is C — 7'344342.r‘^ 
-~7*344342;r“ -]'()*02yi9380.r^ where x denotes the weight ])cr cent, of water ; similarly, 
for dil. soln. of hydrogen iodide, ^--760‘4()83.x—l()*130ll(v;- t O'Ul }749J3G.r'^. It 
will be observed that wliile the heat of soln. of hy<lrogen chloride is 17*3 Cals., tlie 
corresponding values for the bromide and iodide arc nearly the same, being respec- 
tively 19*936 and 19*207 Cals, M. Berihelot's furnmla for the liea-t of dilution Q 
for soln. of HBr-f nlRO in a large (piantity of water is Q --12‘()()a ‘'A — 0*29 cals , and 
if n exceeds 40, the last term is dropped ; and his value for the heat of dilution Q 
for soln. with HI“h^iH 20 is Q • 5(M) cals., and when n exceeds 20, the last 

term may be omitted. 

Specific heat. — The sp. ht., (\ of soln. of hydrochloric acid with n mol. of water 
per mol. of hydrogen chloride have been determined by J. Thomsen,-^ J. C. (}. do 
ilarignac, and H. Ilamnuul. Tlio following are com])iled from theses data : 

n . . 4*23 5*20 6*49 10 20 50 100 200 

C . . 0»627 0*660 0*688 0*749 0*855 0*932 0*964 0*979 

The s]). lit- of the acid is less than that of the contained water ; due, according to 
G. Tammann, to an increase of the internal press. l\ of the soln. by the dissolved gas. 
For temp, between Ib'y"' and 20* r\ the sp. lit. of tlie sohi. HCl j 2(K)Jlo() is ()'9814 ; 
of HCl+bXJJlgO, 0*9634 ; JIBrH-100H2O, 0*9433 ; and of III f-lOOlIoO, 0*9213 ; 
the corresponding mol. ht. for the three last-named soln. are respectively"l77l, 1776, 
and 1778 Cals., thus showing that the mol. ht. increasets with the mol. wt According 
to H. \V. B. Roozeboom, the sp. ht., C’,of aq. soln. of hydrobromic acid, HBr+'/^IIoO, 
are : 

n . 1*84 2*00 2*48 2*72 4*01 JO 50 100 500 

a . 0*3827 0*3553 0*3524 0*3608 0*4340 0*6150 0*8876 0*9402 0*9688 

According to G. Jager,22 tlie heat conductivity of hydrochloii(‘, acid referred to water 
at 100 is 72*6 for soln. with 38 per cent, of liydrogen chloride, 79*4 for 25 per cent, 
soln. ; and 12*5 for 85*8 per cent. soln. 

Optical constants.— The index of refraction of hydrochloric acid is directly 
proportional to the density of the soln. 4'hus, J. Crichton found 

Sp.gr 1-055 1*087 1 121 J-146 M77 

Index of refraction . . 1*053 1*088 1*121 1*138 1*180 
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, fo^ ^^.■'^oln. |^^1'4071. The molecular refraction at iS'B®, by J. H. Gladstone 
>n4 % T*. D^Ie’i formula, and for the I>-line is 14'87 and 14*44 for soln. containing 
.re^j^tively 0*025 luad 1;204 grms. of hydr<^en chloride per 100 grms.*; and at 20° 

,, :E^ H'. iiorentz and i. Lorens’s formula : 

. . 7*74 16*00 28*23 

£51 ' of refraction, . . 1*3608 1*3675 1*3988 

rs-v^orentz and Lorenz’s constant . 14*51 14*40 14*26 

If' fto be 'the refractive index of water, and C the number of grams of hydrogen 
.:ch|5ride per 100 c.c. of soln., is not constant, but decreases with increasing 

ccmoeiitr^tion, aii4 increases from 0 002198 to 0*(X)2466 in passing from the spectral 
to H, H. Jahn found for a soln. containing 7*24 grms, of HCl per 100 c.c., 
jtt*i?rl*3472, /^=1‘3493, and /X/5—I ‘3540 ; the corresponding numbers with soln. 
containing 3 d37 grms. of HCl per 1(X) c.c. were 1*3393, 1*3413, and 1*3455. 

According to J. H. Gladstone, 24 the molecular refraction of hydrogen bromide in 
,aq. solii. is 20*63; the index of refraction for Na-light is 1*325. According to 
A. IJ^yd^eiU^, hydrio^c acid is the only aedd whose specific refraction does not 
Iriorea;ite witn increasing ^ 

According to J. Tyndall, the absorption spectrum of hydrogen cldoride shows 
that the'lieat rays are absorbed, and likewise also with hydrogen bromide more than 
Avith bromine. W. H. Julius found an absorption band with hydrogen chloride at 
3*68fx ; and K. Angstrom and W. Palmaer, at 3*41/x. W. F. Colby, and E. S. Imes 
have studied the infra-red absorption bands of hydrogen fluoride, chloride, and 
bromide. W. de W. Abney and E. R. Festing found very feeble absorption lines in 
the ultra-red spectrum of liquid hydrogen chloride at 732/i/i, 741/xjLt, 845/Lt/i, 867 fifx, 
and 949/x/x, and beyond that there is complete absorption. 

The magnetic rotation of the plane of polarization for the Z>-line determined 
by W. H. Perkin and O. Schonrock increases with concentration up to about 5 per 
cent. HCl, and subsequently decreases. : 

Percent. HCl . . 1*90 4*05 5*65 7*17 15*63 30*86 41*7 

Mag. rotation . 4*746 4*831 4*931 4*856 4*419 4*306 4*045 

The molecular magnetic rotation of a 65*50 per cent. soln. of hydrogen bromide 
is 7*669 (16®--19'’) ; of a 50 per cent, soln., 8*061 (22°) ; of a 39*71 per cent, soln., 8*415 
(20°-22°) ; of a 24*6 per cent, soln., 8*547 (18°) ; and of a 15*47 (16*5°) soln., 8*519. 
Similarly, with hydrogen iodide, a 67*02 per cent. soln. has a molecular magnetic 
rotation of 17*769 (20°-22°) ; a 65*1 iier cent, soln'., 17*868 (16°-17°) ; a 61*97 per 
cent, soil!., 18*117 (17°-18°) ; a 56*78 per cent, soln., 18*308 (21°~22°) ; a 42*7 per 
cent, soln., 18*403 (14°-16°) ; a 31*17 per cent, soln., 18*451 (15°~-17°) ; and a 20*77^ 
per cent, soln., 18*428 (19°-22°). The effect of ionization on the magnetic rotation 
of these acids has been studied by F. Schwers. According to W. H. Perkin, the 
magnetic rotation of hydrogen chloride in ethyl alcohol soln. is 3*365 ; in isoamyl 
alcohol, 3*286 ; and in water, 2*261. 0. Schonrock found the magnetic rotation in 
non-aqueous solvents to decrease with increasing concentration. 

The electrical conductivity.— The electrical conductivity of hydrochloric acid 
has been very frequently mcasurcd.27 The eq. conductivities, A, of iV^-soln. of 
hydrochloric acid at different tenqi., by A. A. Noyes, are indicated in Table XII. 
For more cone, soln,, of normality N, at 18°, the molecular conductivity is : 

JV .... 0*5 1 2 3 4 6 7 10 

A , . . 327 301 264 215 181*6 162*2 106*2 64*4 

The degree of ionizatfon a--A/Aao is also indicated in Table IX, on the assumption 
that the mobility of the hydrogeiriou is not greater at infinite dilution than at other 
dilutions. If the correction is made for the decrease in* the mobility with dilution 
the d^ee of ionization will be reduced between 5 and 6 iier cent. The uncertainty 
in the estimation of the degree of ionization not only turns on the change in the 
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mobilities of the ions by dilution, but there is a possibility of a hydration of the ions, 
and the formation of complexes. The constant K deduced from W. Ostwald’s 



dilution law showing tlio cltangc of tlm degree of ionization with dilution v, namely, 
a2/(l-a> as with other strong electrolytes, decreases with increasing dilution 
from 3*1 with normal soln. to 0*044 for O‘C)0()5A^“Soln. The deviations also occur 
when the values o£ a are computed from the lowering of the f.p., as well as from the 
electrical conductivity. There is a slow decrease in the degree of ionization with 
rise of temp., and increase of concentration. The former is taken to show that the 
ionization must he an exothermal process. V. D. Foote ami F. L. Mohler 
attempted to prove that if th<» hydrogen chloride mole<mle consists of a positively 
charged hydrogmi atom and a negatively charged chlorim? atom bonded togetlier, 
the pro<5ess of ionization simply involves a direct (lisru])tion of this ))ond ; and 
the work of ionization of a mol. of hydrogen chloride, is (stimated at 14 volts. 

The relative rise of conductivity with lempemhire is smaller at the higher 
than at the lower temp. The tern]), coed, of the specific conductivity K are 
referred by F. Kohlraiiscli to a fortnula of the type |(/v 26 “"^a 8 )/^^.i 8 temp, 
between 18° and 26° for soln. lietween O’OIA^ and 0*0159 TV. 8. Arrhenius uses for 
0*001iV-so!n. 00163; 0*01A^-soln. 00158 ; 0*lA-soln. 0*0153; and for 0*5A-soln. 
0*0152 for specific conductivities between 18° and 52”. Several formula,' of the 
type . . . have been proposed: 18)+6(0 — 1^)^1 

is due to C, ri6guisne, liere a--0 0166, and /.;~0 (KXXK)02 for 0 (K)0l A'-soln. ; 
a=:^0 01642, b^O OOOOlbb for 0(X)1 A^soin. ; and 'f-MVOUm, 6--0 00001 73 for 
0*01A“Soln. F. Korber, G, Tammami and A. Bogojawlensky, J. Fink, and 
I. Fanjung have measured the influence of on the conductivity of hydro- 

chloric acid. The conductivity steadily increases j)roportionally with the press, 
up to 300 atm., and slowly decreases at still higher press. The percentage decrease 
in the resistance, or tlie percentage increase in tlie conductivity at the indicated 
press, over that at one atm. press, is 2*11, 5*86, and 9*46 for 100, 3(X), and 
5(K) atm. press, respectively, for 0*002 A-soln. ; and 1*94, 5*72, and 9*33 for 
0*001 A-soln. 

The transport number of chloride ions in 0*002 A-solri. of hydrogen chloride 
is 0*171 at 18° ; 0*166 for 0*05A^-soln. at 18° ; and 0*155 for 0*977 A-soln. at 20°. 
The mobility of the ions is 0*154 at 0°; 0*167 at 18° ; and 0*183 at 30°. The 
relative velocities of migration of the halogen ions at 18° increases with increasing 
at. wt. ; bromine (at. wt. 80), however, is exceptional in possessing a lower mobility 
than iodine (at. wt. 127). The migration numbers at 18° are fluorine, 4()*6 ; chlorine, 
65*4 ; bromine, 67*6 ; and iodine, 66*4 ; and at 25°, fluorine, 54*6 ; chlorine, 75*7 ; 
bromine, 78*2 ; and iodine, 76*8. These numbers are expressed in conductivity 
units. The absolute velocities of the ions under the influence of an electromotive 
force of one volt are obtained by multiplying these mmibers by 0*0(XX)10354. Thus, 
for chlorine ion, the velocityjis 0*0(X)678 cm. per second. 
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The molecular conductivity, A, of hydrobromic acid at 25"^, according to 
W. Ostwald, at a dilution of one moL HBr in v litres of water, is 

V .. 2 4 8 16 32 64 128 512 1024 

A . .364 377 386 391 398 402 405 406 406 

Atl8^ the specific conductivities, A', of 5, 10, and 15 per cent, soln., are respectively 
0T908, 0*3549, and 0*4940; and the temp, coeff. are 0 0152, 0*0152, and 0 0150. 
Similarly, for hydriodio acid, 

w . . 2 4 8 16 32 64 128 612 1024 

A . .364 376 384 391 397 402 406 406 404 

The maximum between i;=128 and 1024 is due to secondary causes. According 
to F. Kohlrausch, the specific conductivity, A, of hydrochloric acid containing 
p per cent, of HI, is A=2*6575p. The temp, coefi*. at 18^ is 0*0157. S. Arrhenius 
computes the heat ot ionization for y^oA^-soIh. at 35°, HOI, —1*080 Cal., and HBr, 
—1*617 Cal. W, Maitland showed that the electric potential of the cell l 2 Aq. 1 1 1 
normal electrode, is —0*3415 volt at 25^, G. N. Lewis and M. Randall obtained 
— 0*6183 volt ; and for the free energy of formation of the iodide ion ^l 2 =T', they 
give — 12*304 Cals, at 25°. T. Swensson has measured the e.m.f. developed when 
one side of the cell Ft | HCl, HCl | Pt is illiiminaied by ultra-violet light, for the 
combination forms a photo-sensitive cell. 

The free energy of formation of the hydrogen halides at ordinary temp, may be 
calculated from the e.m.f. and vap. press, measurements. The electromotive force 
of the cell (1 atm.) | n-HCl | ('l> (1 atm.) allows the free energy of a mol. of 
HCl to he calculated in a soln. with n inols. per litre. If this rt*sult he added to the 
free energy attending the compression of a mol. of HCl from the press, at which it is 
in equilibrium with tlje soln., to a })ress. of one atm., the free energy of formation of 
hydrogen chloride is obtained. The e.m.f. data have been determined by J. JL Ellis, 
and G. A. Linhart, at 25° from cells of the type Ho (I atm.) | A-IKI, Hg 2 Cl 2 |Hg, 
over a considerable range of concentration. The former's values for the e.m.f., 
and the decrease of free energy in the <;ell reaction, and attending the transfer of a 
mol. of HCl from any concentration to 0*lAr-nCl, are indicated in Table Xlll. 


Table XIII. — E.M.F. and Free Energy Changpjs of J i HCl i Normal Electrode Cells. 




E.M.F, of cells. 


Free energy deerease in cell 

Grin. mols. liCl 



reacUon - joules. 

per 1000 grma. 







water. 

18'’ 



18’ 

2.V • 

35“ 

4-484 

0-16759 

0-15506 

015124 

30415 

29927 

29J90 

1-0381 

0-27919 I 

0-27802 1 

0-27595 

rj:{884 

53657 

53257 

0-50948 

0-3 19 J 2 i 

0-31866 

0*31765 

01590 

6J500 

61307 

0-10040 

0-39764 1 

0-39884 

0-40013 

76745 

76977 1 

77224 

0*0] 001 

' (0-6271) 

(0*5302) 

(0-5:i69) 

101740 

102330 j 

103630 

000333 

1 1 

! (0-8040) 

(0-8105) 


1.65170 

156430 


The terms included in brackets and tlie succeeding terms arc less reliable than the 
others. R. C. Tolmaii and A. L. Ferguson measured the e.m.f. of the same type of 
cell at 18° ; F, Dolezalek measured the e.m.f. of hydrogen-chlorine cells witli cone, 
liydrochloric acid at 30° as electrolyte. G. N. Lewis and H. Storch have measured 
the free energy of hydrogen bromide in 0*1 A-soln. ; and G. N. Lewis and M. Randall, 
that of hydrogen iodide. For HBr gas, at 25°, the latter give — 12*592 (,^als., and 
for HI gas, 310 cals. 

The decrease in free energy attending the transfer of a mol. of HCl from a 
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fioln. of any noimality n to one at is iSc, where E is the e.m.f. of a cell where 
the change takes place, and € is the value of a farad. The same free energy change 
is expressed by means of RT loge (y/po-i)^ ^here p and Po-i represent the vap. press, 
of hydrogen chloride above soln. of the respective normalities n and 0*1^- 
sequently, E^^RT loge (p/poa)- ^ obtained by subtracting the e.m.f. of a cell 
in which thf concentration is w -normal from that of a similar ceU where the con- 
centration is 0‘liV-normal. The free energies of the hydrogen halides in soln. at 
various concentrations C mols. per litre of water, at 25^^, computed in cals,, by 
S. J. Bates and H. D. Kirshmami, are 


c . . 0*1 0*5 10 2 0 

A^HCl) . -34330 -32500 -31500 -30510 

ii'lHBr), „ _ _ _ 

. _ — _ — 


4-0 GO 80 100 11 

29100 -27790 -26725 -25775 — 

— -20366 —19300 —18100 — 17635 

— —8035 -6600 —4815 — 


The free energy increase when the press, rises from its value over a 0*liV-soln. to 
a press, of 1 atm. is RT log (760/0 (KXX)0223)=llC)3() cals. Hence the free energy 
of formation of gaseous hydrogen chloride at 25*^ is — 34330(— -11630)— —22700 cals, ; 
the corresponding values for hydrogen bromide is — 12592 cals. ; and for hydrogen 
iodide +310 cals. H. S. Harned has also investigated the changes of free energy 
in the cell reaction H 2 + 2 HgC 1 ^ 2 HCl+ 2 Ilg. etc., in the presence of potassium, 
sodium, and lithium chloiides. 

Catalytic effects. — Within certain limits, the stimulating action exerted by the 
presence of hydrochloric acid upon the speed of inversion of cane sugar is less the 
more dil. the acid. Thus, W, Ostwald found tlie velocity constant with a soln. 
containing a mol. of acid per 2 litres of soln. is 20*52 ; per 10 litres, 3*335 ; and per 
100 litres, 0*3128. The action is favoured by the presence of lumtral salts, and this 
the more, the lower the mol. wt. of the salt in the same family grou]> of the periodic 
system. The temp, coell. of the inversion is 17*92 at IW, and 0*04104 at 25”. 
W. Ostwald, R. Ho])ke, and H, Trey have, likewise studied the accelerating influence 
of the acid on the hydrolysis of methyl and etliyl acetates. Similar studies have 
been made by W. Ostwald and A. Villiers on the hydrolysis of methyl and ethyl 
acetates, calcium oxalate, and ethyl bromide and iodide. 

The affinities of the acids deduced from their electrical conductivity, and their 
influence on the rates of hydrolysis of methyl acetate and of the inversion of cane 
sugar are nearly the same, as illustrated in Table XIV. 



Tabt^e XIV. 

— The n iti ks 

OF Some Acids. 





Elect rioal 

ItydrolyslH of , 

Juversluu ol 




coiiductivUy. 

methyl .acetate. 

cauc Kugar. 

Hydrochloric acid . 



lOOO 

100-0 ' 

1000 

Hydrobroinic acid . 



JUIO 

98-0 

100*0 

Hydriodic acid 


. i 

1000 

96-3 


Nitric acid . 


• i 

99-6 

02*0 

73-2 

Sulphuric acid 



60*1 

74-0 

75-4 

Acetic acid . 


• 1 

012 

0-35 

0*4 


The order of the electrical coiidiictivities runs parallel with the order of the affinities 
of these acids. Ihe dielectric COnstEUt of soln. of hydrochloric acid are. usually 
greater than that of water ; for example, for O fKlliV-soln., the dielectric constant is 
0-990 (water unity) ; for 0 0022V-soln., 103:1 ; and for O OliV-soln., 1-126. The 
dielectric constants are not proportional to the conductivities of the soln 

SolnbUity in non-aqueoiis SOlvents.-Hydrogen chloride dissolves in many 
Other solvents besides water—c.c/. it iLssolves in hydrocarbons, alcohols, aldehydes 
ketones, ethers, esters, formic acid, nitrobenzene, aniline, pyridine’ hydrogen 
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cyanide, sulphinr dioxide, etc. The numbef of grams of hydrogen chloride dissolved 
by 100 grms. of a soln. in methyl and ethyl alcohols and in ether : 

-XO® 0* 10* 20* 30* 

Methyl alcohol * . 54'G 61-3 — 47-0 43 0 

Ethyl alcohol . ♦ — 45-4 42*7 41'0 . 38-1 

Ethyl ether , , 37*51 35*6 30*36 24*9 ^ 10*47 

Benzene dissolves about 2 parts of hydrogen chloride per KX) c.c. of solvent at IS"". 
W. P. Timojeeft found the mol. ht. of soln. in methyl alcohol to be from 1105 to 
1'649 cals. ; ethyl alcohol, 1*173 to 1*713 cals. ; propyl alcohol, 1*068 to 1*921 cals. ; 
and in isobutyl alcohol, 1*185 to 1*794 cals. J, Kablukojff showed that the soln. in 
methyl alcohol has the largest conductivity, and that the conductivity in benzene, 
nitrobenzene, and analogous solvents is very low. The soln. in ether has no acidic 
properties, for it does not act on marble, magnesium, or sodium. In many cases 
more or loss combination probably occurs — ^j)articularly with the alcohols and 
ethers — ^P. Jiittuer, for example, has shown that the behaviour of the ternary 
system, H 2 O— HCl— (02H5)aO, is in accord with this assumption. In some cases, 
the depression of the f.p., and the electrical conductivity of the soln., leads to the 
view that the hydrogen chloride is associated, as H. Zanninovich-Tessarin found to 
be the case with soln. in formic acid, and E. Beckmann and G. Lockemann with 
soln. in benzene and nitrobenzene ; the molecular conductivity of such soln. de- 
creases with increasing dilution. The presence of moisture in these solvents reduces 
the association and increases the conductivity. A 60 per cent. soln. in ethyl alcohol 
has three times the conductivity of sulphuric acid. A satisfactory explanation of 
the various phenomena connected with the ionization of alcoholic and other non-aq. 
soln. is still wanting. There is a parallelism between the electrical conductivity of 
aq. soln. of the acids — ^assumed on the ionic theory to be eq. to the degree of ioniza- 
tion — and their chemical activity, but this breaks down with soln. in non-aq. solvents. 
For example, F. Zecchini found that a soln. of hydrogen chloride in ether acts more 
quickly than a soln. in methyl or ethyl alcohol in spite of the greater electrical 
conductivity of the latter. TVIarblc is attacked by an aq. soln. of hydrogen chloride 
about forty times as fast as by a methyl alcohol soln. while potassium carbonate 
is scarcely attacked at all. The effects are here complicated by the solubility and 
rate of diffusion of the products of the reaction in the solvent. If water is rigorously 
excluded, a soln. of the gas in anhydrous alcohol or benzene has scarcely any effect 
on silver nitrate, and H. E. Patten and L. Kahlenberg found that the chemical 
activity of soln. of hydrogen chloride in various solvents bears no relation to the 
electrical conductivity. Analogous observations have been made with uon-aq. 
soln. of hydrogen bromide and iodide. 

According to T. de Saussure (1814), charcoal absorbs about 85 times its own 
volume of hydrogen chloride at 12"^ and xmder a press, of 724 mm. ; and according 
to P. A. Favre, charcoal absorbs about 165 c.c. of hydrogen chloride per gram, and 
10*0 Cals, of heat are evolved per mol. of gas absorbed. The actual amount absorbed 
depends upon the nature of the charcoal.^o G. Gore has observed the Pouillet 
effect with hydrochloric acid and silica. 
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§ 11. The Chemical Properties of the Hydrogen Halides and the 
Corresponding Acids 

All the halogens form compounds with hydrogen, and the readiness with which 
union occurs decreases as the at. wt. increases. Tlie properties of the halogen acids 
and their salts show as striking a relationship as those of the elements themselves. 
This is illustrated in Table XV. 

Tabl)!: XV.-— Thi? PaorKimES ok thk Hapoiu Acids. 



Hydrogen 

Hydrogen 

Hydrogen 

1 Hydrogen 


fluoride. 

chloride. 

broniido. 

Iodide. 

Molecular weight . 

20 

36-46 

80-93 

1 

i 127*93 

Boiling point 

19*4° 

■>-83*4° 

-67-l° 

-36-6“(4atro.) 

Molting point 

-92'6° 

-lll*4 

--88*1° 

50*9° 

Solubility in water 

36-3 

42 

49 

67%, 

Speciidc gravity sat. aq. sol. . 

M5 

1-21 

1*49 

i 1*70 

Boiling point aq. sol. 

111" (43%) 

110° (20';o) 

126" (47%) 

127“ (67%,) 

Dissocnates at . . 

— 

; 1500° 1 

800" 

1 180" 

Heat of formation 

38' 5 gas 

i -f 22*0 gas 

+ 12-3ga.s 

+ 0-4 yas 

Heat of formation of K salt . 

llO'O 

i 105*7 

1 96-3 

; 80-1 CalB. 

Heat of neutralization, NaOH 

68 

i ^>7 , 

1 67 

i 67 Cals. 

Potassium salt molts 

885° 

1 790° ; 

; 750° 

: 705“ 

Oaloium salt melts 

1330^ 

1 780° 1 

1 760° 

1 740" 

Solubility Ag salt . 

181*8 

I 0010 

I 0-00084 

0-000028% 

Solubility Ca salt . 

0*16 

I 24*7 

i 

58-8 

1 67-6%, 

1 


The exceptional character of fluorine.— Fluorine has a little mote individuality, 
so to speak, than the other three members of the family : (1) There are no compounds 
of oxygen and fluorine ; (2) Chlorine, bromine, and iodine or the haloid acids show no 
signs of the remarkable effect of hydrofluoric acid and of fluorine on silicon ; (3) The 
solubilities of the sulphates, nitrates, and chlorides of barium, strontium, calcium, 
and magnesium decrease with increasing at. wt. of the metal, while the solubilities 
of the hydroxides increase ; the solubilities of the iodides, bromides, and chlorides 
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aq. soln. appears to be dibasic, whereas the other halide acids are monobasic* The ^ 


other acids also do not form compounds corresponding with potassium acid fluoride, 
KHF 2 ; (5) Fluorine is probably tervalent in a few compounds, but it is usually 
univalent, and it does not show the same variable valency as the other halogens ; 
(6) The readiness with which fluorine forms complex fluo-metal acids or acid- 
fluorides is also a characteristic property ; (7) The abnormally low electrical con- 
ductivity of hydrogen fluoride is in marked contrast with the high conductivity of 


the other three halide acids. 


By passing a series of electric sparks through hydrogen chloride gas, W. Henry ^ 
found that about one-thirty-fiftb of its volume was decomposed into its elementary 
constituents ; while H. St. C. Dcville found the inductive discharge decomposed 
but a small proportion of the gas as evidenced by a slight decrease in volume, and by 
the formation of a little mercurous chloride owing to the action of the chlorine on 
the mercury over which the gas was confined. H. Buff and A* W. von Hofmann 
decomposed the gas almost completely by an electrically heated iron wire — ferric 
chloride was formed, and only a trace of hydrogen chloride remained undecomposed. 
There is very little evidence of the decomposition of hydrogen chloride at temp, 
below 1500°, but II. St. C. Deville found that if heated to 1500° in his tube chaud et 
froidy the product formed silver and mercurous chlorides when brought in contact 
with silver amalgam. Similar remarks apply to the action of heat on a mixture of 
hydrogen chloride and oxygen or air. 

According to A. J. Balard,^ hydrogen bromide — alone or mixed with oxygen — 
is not decomposed when passed through a red-hot tube or when a lighted taper is 
lowered into the mixture. P. Hautefeuille 3 found that the decomposition of 
hydrogen iodide can be detected at 180° by the pale violet tinge of the vapour, and 
the amount of decomposition increases as the temp, rises ; the decomposition is 
the more marked, the higher the press,, and it is favoured by the presence of finely 
divided platinum. According to M. Bcrthelot, a mixture of hydrogen bromide 
with one-fourth its volume of oxygen is transformed completely into bromine and 
steam when heated 10 lira, between 500° and 550°. P. .Hautefeuille found no 


decomposition with hydrogen bromide alone at 700° ; but M. Bodenstein obtained 
between 0*3 and 0*9 per cent, by suddenly cooling a mixture of the two gases at 
about 700°. Bluish-violet vapours of iodine are formed when hydrogen iodide is 
sparked, and there is a contraction in volume due to the deposition of iodine on the 
walla of the tube. J. L. Gay Lussac also found that a jTiixture of hydrogen iodide 
and oxygen is completely decomposed when passed through a porcelain tube at a red 
heat ; and M. Berthelot showed that a mixture of hydrogen iodide with one-fourth 
its volume of oxygen, burns with a red flame. The equilibrium condition of the 
hydrogen halides at different temp, — ^Table I — ^has already been discussed. 

The decomposition of hydrochloric acid by electrolysis has been considered. 
A. Bartoli and G. Papasogli ^ have investigated the electrolysis of hydrobromio acid ; 
and A. Riche that of hydriodic acid — some bromic and iodic acid are respectively 
formed during the electrolysis. 

If a moist mixture of hydrogen chloride and oxygen be exposed to sunlight, it 
acquires a perceptibly greenish tinge owing to the formation of free chlorine ; and in 
1849, N. W, Fischer ^ noted that a piece of gold-leaf in a jar of the mixed gases was 
attacked by^ the chlorin^. According to A, Richardson, the dry gas is stable under 
these conditions. A. Cohn and A, Wassilejewa showed that hydrogen chloride is 
appreciably decomposed into hydrogen and chlorine by exposure in quartz tubes 
to ultra-violet light. Hydriodic acid is not appreciably decomposed by the or 
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y-radiations from radium bromide, if oxygen be absent, but in the presence of oxygen, 
the rate of decomposition is augmented, and t he effect is less, the higher tlm temp. 
As in the action of heat on the stability of the hydrogen compounds of the same 
family of elements, their stability towards light (lecreases as the at. wt. increase. 
The ultra-violet light from a mercury quartz lamp is needed to decomposo hydiogen 
chloride, while under similar circumstances hydrogen bromide is rapidly and 
pletely decomposed ; ordinary blue and violet light decomposes hydrogen iodide. 
A similar relationship is found in the snljihur family- diydrogen oxide, sulphide, 
selenide, and telluride. 

According to L. THote, hydrochloric acid in white, black, yellow, or red glass 
bottles is decomposed in light, and the free chlorine can be detected by the smell. 
E. Murmann found the dil. acid is stable under these conditions. According 
to M. Berthelot, the presence of a trace of manganese or iron chloride facili- 
tates the oxidation of the hydrochloric acid. A. Richardson also found that a 
mixture of hydrogen chloride and oxygen is perfectly stable in light even in the 
presence of aq. vapour provided liquid water be absent. H. B. Dixon found 
that sulphur dioxide is not oxidized by oxygen in tlie ])resence of water vapour at 
KX)^, altliougli in the presence of liquid water, oxidation readily occurs. M. Berthelot 
could detect no sign of the decomposition of hydrogen bromide after exposing the 
gas in a glass tube for .50 days. If the gas be mixed with oxygen, A. Richardson 
found that no action occurs if the gases be dried, but a reaction does oC(^ur if the 
gases be moist. 

Similar remarks apply to a dr}" mixture of hydrogen iodide and oxygen ; gaseous 
hydrogen iodide is not altered in darkness, and in sunlight, the decom])osition is 
slow ; according to G. Lemoine, only 0*24 ])er cent, is decom])oscd after 10 days^ 
exposure, and 0*80 after 32 days’. The deconij)osition occurs in blue and violet 
light but not in red and green light. Dil. or cone. aq. soln., said G. hemoinc, do not 
decompose in light or darkness if air ])e exclii<lcd. 1’he amount of iodine liberated 
from a soln. of hydriodic acid or of acidified potassium iodide, by oxygen and light, 
gradually reaches a maximum and then falls to zero. II. »r. M. Creighton found that 
the phononienon cannot be explained by the evaporation of tlie iodine ; 5()0 c.c. of 
an acidified soln. of potassium iodide absorbed about 25 litres of oxygem in 10 we(^ks, 
and neither iodine nor iodate could be detected in the soln., nor did strong riHlucing 
agents lilierate any oxygen. He says “ the nature of the ])roduct is still a mystery.” 
C. Winther found that thin rapidly moving la\<'rs of a soln. of liydrogen iodide, 
when subjected at a constant press, to the joiiit ad ion of oxygen and light, are 
oxidized very slowly at the beginning, ]>iit later, the reaetion attains a constant 
velocity. The ])heiiomenon is attributed to the auto-sen.sitizing a<!tion of the 
liberated iodine. 

R. Bottger found tliat the presence of cojipcr prevented hydriodic acid becoming 
brown in light, and decolorized the acid already brown. The cuproiis iodide which 
is formed is insoluble in the acid. M. Bodensteiu found tlie. decoiujiosition of 
hydrogen iodide to be unimolccular in liglit, and independent of the press. ; and 
bimolecular at 3(X)‘-5tK)''. \V. N. Hartley found that li)^drogen iodide, bromide, 

or iodide retards the fluorescence of quinine sulphate, and J. Pinriow noted tliat, in 
general, substances which are decomjiosed liy light diminish the lluorescence of 
quinine sulpliate, flaores(‘.eine, etc., and the presence of fluorescent substances 
facilitates the decomposition of substances decomposed l)y light. 

The aflinity of the halogen ii>ulrides for hydrogen peroxide varies as the afllnity 
of the halogen for oxygon. If hydrogen peroxide is added to hydrogen iodide a 
vigorous reaction is attended by the separation of iodine ; if the iodide be added to 
the peroxide, a more vigorous reaction occurs, the iodine is volatilized and a colourless 
liquid remains. With the otlier halogen acids the reaction is more vigorous when 
the peroxide is added to tlie acid. The haloid salts liehave similarly, and accordingly 
it is inferred that hydrogen peroxide first liberates the fret* aiid and then decomposes 
it. Oxidizing agents like nitric, nitrous, bromic, and persulphuric acids, molybdic 
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acid, ferric chloride, etc., react with bydriodic Boid, OXidlZlpg tlxe 
liberating iodine. The amount of iron can be determined hy titTBtioU wita 
sodium thiosulphate soln., and the result sometimes enables a determination of tho 
corresponding oxidizing agents to be made, thus the amount of ferric chloride in a 
given soln. is related stochiometrically with the liberated iodine by the equation : 
2FeCl3+2KI=2FeCl2+2KCl+l2. According to J. Plotnikoff and N. P. StrachoiT, 
if in the photochemical reaction the potassium iodide and liydrochloric acid be in 
excess, the reaction is of the first order. The iodine liberated in the reaction might 
be expected to play the part of a light filter and retard the reaction, because a la3’^er 
of iodine soln. interposed between the light source and the reacting s^^stem acts in 
this manner. No such retardation occurs when the concentration of the iodine in 
the system has between 2’7 and 27 millinormality, although a soln. of this concen- 
tration stops the reaction if used as an external light filter. When the concentration 
of the iodine reaches 54 millinormality, there is a fall in the velocity' of the system. 
The failure of iodine soln. to conform to Beer’s law is explained by changes in the 
iodine complexes with dilution ; and the failure of the liberated iodine to act as a 
retarding agent on the reaction is attributed to the formation of an iodine complex 
which acts as an autocatalyst, which is but slightly sensitive to light. 

J. PlotnikoC has studied the oxidation of hydriodic acid -obtained by a soln. 
of potassium iodide and hydrochloric acid — ^in water charged with oxygen. If the 
potassium iodide and hydrochloric acid arc in large excess, the consumption of 
oxygen gas in darkness is slow, and in accord with a unimolecular reaction ; and if the 
potassium iodide and hydrochloric acid are present in limited quantity, the reaction 
is proportional to the concentration of the oxygen, to the two-thirds power of the 
concentration of the ])Otassium iodide, and the four-thirds power of the concentration 
of the hydrochloric acid. The reaction in darkness is accelerated by a cupric salt 
or a mixture of a h'.rricj and cu})rio salt ; manganous and lead salts exert no appreci- 
able catalytic action ; the catalytic effect of nitrous acid is very marked even if the 
soln. contains but the eq. of 0 0(.XXXXX)6iV-HNO2. The reaction is accelerated by 
exposure to the light from a mercury lamp, and that proportionally with the intensity 
of the light althougli tlie reacting system does not absorb these rays to any appreciable 
extent. Additions of uranyl sulphite, cosine, starch, and cupric sulphite retard 
the velocity of the reaction in light ; in darkness, the last-named catalyst accelerates 
the reaction. J. Piniiow found the rate of oxidation of mixtures of sulphuric acid 
and potassium iodide increases proportionally with the concentration of the sulphuric 
acid in light, but not in darkness provided the concentration of the iodine does not 
exceed a gram per litre. The accelerating influence of light is most marked in dil. 
soln. The reaction is twice as fast in darkness and in light when the sulphuric acid is 
re])laced by hydrochloric acid. Hydrogen peroxide does not decompose hydrochloric 
acid, but bromine is separated from hydrobromio acid at 1(X)°, and 6. Cavazzi pro- 
posed to separate bromides from chlorides by this reaction* -the free bromine can 
be removed from the soln. by aspiration. L. J. Thenard showed that hydrogen 
iodide is oxidized bv^ hydrogen peroxide with the separation of iodine, H2O0+2HI 
-“2H2O+I2. The reaction is accelerated by hydrochloric and other acids, and the 
catalytic eHect is assumed by C>. Magnanini ^ to be proportional to the affinity 
constant of the acid. The reaction is also accelerated by ferrous sulphate, copper 
sulphate, tungstates, and molybdates. 

Chlorine gas reacts with hydrogen bromide or iodide to form hydrogen chloride 
and the separation of the corresponding halogen, 2HX-I-XCI2—2HCI+X2. The free 
halogen then combines with the excess of chlorine, forming bromine or iodine chloride. 

A little free chlorine turns hydriodic acid brown, and the colour is removed by an 
excess of chlorine. Bromine similarly displaces iodine from hydriodic acid. The 
halogen is also liberated by the action of hypochlorites or bleaching powder on 
bromides or iodides. Hypochlorous acid and hydrochloric acid give chlorine and 
water : HOCl+HOl— H2O+CI2 ; chloric acid forms chlorine mono- and di-oxides 
and free chlorine in varying proportions. Two volumes of hydrogen chloride and one 
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volume of chlorine monoxide form one volume of steam and two volumes of chlorine : 
CljjO 4*2HCl:^H20+2Cl2. Potassium chlorate with an excess of hydrochloric acid 
reacts: KClOa+eHCl-Ml+SCIa+SH^O ; potassium bromate; 2 KBr 03 + 12 HCl 
=^2KC1 +Bt 2+5C12+6H20 ; and iodic acid; H10s+5HCl-:=ICl3+Cl2+3H20, but 
there is no reaction with dil. soln.® Molten potassium chlorate inflames hydrogen 
iodide, a red flame appears and free iodine is formed. A. J. Balard found that 
an aq. soln, of iodic or periodic acid with hydriodic acid forms iodine and 
water. The reaction between bromic and hydriodic acids has been much in- 
yestigatcd : ^ 6HI+HBr()3=.-=HBr+3H20+3l2, The hydrobroinic acid formed 
in the reaction exerts a reducing action on the bromic acid : DHBr-f 3 H 2 O 

+3Br2, but about 58 times more slowly. The liberated iodine acts catalytically on 
the reactions retarding the speed of the reaction. 0. Burchard also measured the 
velocity of the reaction of hydriodic acid on chloric and iodic acidvS. The reaction : 
5HI+HI08=3H20+3l2, was also investigated by 11. Luther and O. V. Sammet. 

According to J. B. A. Dumas, a(|. soln. of sulphur dioxide are not decomposed 
by hydrochloric acid, but the dry gases, when confined over mercury, form water, 
chlorine, and sulphur ; 4 HC 1 +S() 2 = 2 H 20 -|-S -f 2 Cl 2 . E. Pechard found hydriodic 
acid absorbs sulphur dioxide forming an orange-yellow soln. from which free iodine 
is absent ; and compounds of sulphur dioxide with the iodides of the alkali and 
alkaline earth metals have been reported. Selenium and tellurium dioxides, ac^ord- 
mg to A. Ditte, absorb dry hydrogen chloride forming addition products — e,g. 
Se 02 .HCl ; Se 02 . 2 HCl ; Te 02 HCl ; and 2 Te 02 . 3 nCl. J. B. A. Dumas also noted 
that sulphur dioxide and hydrogen iodide form sulphur, iodin^, and water : SO 2 
+ 4 HI== 2 H 20 '+' 8 + 210 ; when the two gases meet, there is a deep red flash, and the 
wdes of the containing vessel arc immediately covered with crystals of iodine. 
E, Soubeiran says there is no ^oticSi if the gases be quite dry. The two gases in 
aq. soln. react forming a yellow jireeipitatc, and tliis the more the more cone, the 
soln. Sulphur and selenium, according to P. Hautefeuille, decompose hydrogen 
iodide at ordinary temp., and cone, hydriodic acid when heated ; and M. Berthelot 
says that dry hydrogen iodide and sulphur react in the cold, more rapidly at 100 °, 
and still niqre rapidly at 500°, 2111+8- II 2 B+SI 2 . A, E. Mciikc also supposed 
siupJmr iodide was formed when sulphurouvs and hydrochloric, acids react together, 
ap|)ears to be a solid soln. of iodine and sulphur. According to 
Ct. Aline, sulphur trioxide absorbs hydrogen chloride, forming a liquid — chloro- 
sulphomc acid. Gaseous hydrogen iodide in sulphur dichloride, forms iodine, 
smphur, and hydrogen sulpliide. A, J. Besson finds that hydrobromic acid reacts 
with pyrosulphuryl chloride, S 2 O 5 CI 2 , forming sulplmr di- and tri-oxidcs, hydrogen 
•lu chlorosulphoiiic acid, HO.ClSOg, and finally sulphuric add ; 

with hydriodic acid, some sulphur and hydrogen sulphide are formed. 

According to A, J. Balard, n cone, sulphuric acid is reduced by hydrobromic 

The reaction is symbolized : 
2 :n± 5 r+tl 2 b(J 4 --^ 2 H 20 +& 02 +Br 2 ; there is a partial removal of the gaseous sub- 
stances from the system. In dil. sola, the products all remain in soln. and a state 
IS attained : 2HBr f H 2 S 04 ^S 02 + 2 H 20 +Br 2 . J. L. Gay Lnssac 
^served a similar reaction with hydnodic and sulphuric acids ; H 2 S' 04 -t- 2 HI 
-HU 24 -^H 204 ;l 2 ; and E. Soubeiran noted that if the soln. be dUuted. sulohur 
mox^e and iodine react to form sulphuric and hydriodic acids. P. T. Addyman 
round that with potassium bromide, KBr, and sulphuric acid, H 2 SO 4 , 


JRatio of acid to salt 
HBr decomposed . 


2 : 2 
8-31 


3:2 

15*03 


4:2 

19*88 


5:2 

26*91 


6:2 

31*30 per cent. 


so that the amount of decomposition is nearly proportional to the amount of sulphuric 
acid employed. Similarly with hydrobromic acid, as illustrated in Table XVI 
which shows that there ^ very little decomposition with 30 per cent, hydrobromic 
acid, but in a stronger acid Jihe amount of decomposition becomes more marked In 
the table 6 c.c. of hydrobromic acid contained 0*81 grm. HBr. 
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According to P. T. Auaten.^^ there is no reaction when hydrogen chloride is warmed 
with the vapour of nitric acid* HNOs, although there is a feeble reaction between the 
vapour of nitric acid and hydrogen teomide, and when ^e vapour of nitric acid is 

Tabls! XVI. — Action of Soij»huimc Acid on Hydbobromic Acid. 


98 per cent, sulphuric acid. 


Per cent, of HBr dccomiMjsed. 


Volyme used. | 

Per cent. in solution. 

1 

0*3 



0-7 

2(>*79 ! 

— 

10 

27-27 ! 

trace 

1-2 

31*03 

0*04 

2*0 1 

42*86 

0*06 

3*0 

62*94 i 

1 016 

40 

60*00 i 

0*64 

6*0 

69*23 i 

0*53 

8^0 

75*00 

0-64 


led into hydrogen iodide, a fine red flame appeara, and iodine separates. A mixture 
of hydrochloric and nitric acids forpia aqua regia which readily decomposes with the 
evolution of chlorine, and the formation of nitrogen peroxide, NO2, nitrosyl chloride, 
NOCl, or nitroxyl chloride, NOoCl, according to circumstances. According to 
A. J. Balard, a mixture of nitric and hydrochloric acids reacts with hydrobromic 
acid, slowly forming nitrogen peroxide, water, and bromine. Aqua regia, and the 
corresponding mixture with liydrobromio in place of hydrochloric acid, both dissolve 
gold. The slow reaction between hydriodic and nitric acids has been symbolized 
by A. Bekstadt ; HN03+2HI=ITN02+H20+l2. The velocity of the reaction 
is slackened by decreasing the concentration of the reacting substaq^. When 
about two-thirds of the hydriodic acid has been decomposed, the velocity is aug- 
mented and the reaction quickly rims to an end. This is attributed to the formation 
of tri-iodide by the union of the iodine with the hydriodic acid, when one-third 
of the latter acid has been so converted. The free iodine itself then forms hydri- 
odic acid, and the oxidizer restarts the reaction. Ferrous salts act catalytically. 
Scratches on the flask also accelerate the reaction. Carbamide slows down the 
reaction, presumably by destroying nitrous acid formed as an intermediate stage 
in the reaction. 

According to P. T. Austen, nitrous oxide» NgO, forms a white cloud, which gradually 
reddens and deposits crystals of iodine ; the liquid which collects at the bottom of 
the flask contains some ammonia ; N20+10HI~2NH4l+H2O-'|74l2. According to 
E. J. Chapman, hydriodic acid slowly absorbs nitric oxide, NO, forming ammonia, 
etc. J. L. Gay Lussac observed the formation of iodine, water, and nitric oxide 
with a mixture of hydrogen iodide and nitrogen ])eroxide, or nitrous acid. According 
to L. W. Winkler, a mixture of potassium iodide and nitrite, when treated drop by 
drop with sulj>huric acid of concentration 50 per cent., furnishes highly pure nitric 
oxide : 2NHO2+2HI— 2NO+T2+2H2O. Nitrous acid forms nitric oxide and chlorine 
together with some hydrochloric acid. The nitrates are attacked and converted 
into chlorides by hydrogen chloride. According to R. E. Hughes, if dry hydrogen 
chloride he passed over dry silver nitrate at ordinary temp., or at 100*^, only about 
one per cent, of the theoretical change occurs ; and the dry gas jiroduces but a slight 
turbidity in a soln. of silver nitrate in hot dry benzene or ether. The hydrogen 
halides unite with ammonia, forming the corresponding ammonium halide : e.g, 
NHs+HCl—NH^Cl, but there is no reaction, say R. E, Hughes and H. B. Baker, 
if the hydrogen chloride and ammonia be thoroughly dried. According to J. Ogier,!^ 
hydrogen chloride unites with phosphine, PH3, forming phosphonium chloride, 
PH4CI, at —35^ under atm. press. ; and at 14° under a press, of 20 atm. When 
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cone, hydrochloric acid is heated with amorjihoua phosphoius for some hours at 
about 200°, A. Oppenheim found that some phosphine, PH3, is forjue<i. A. Damoiseau 
found that while hydrobromic acid does not act on phosphorus in the cold, in sealed 
tubes, at 100°-120°, consitlerable quantities of pliosphonium bromide ate formed, 
but not phosphorus bromide, since phosphorus tribromide is slowly decomposed by 
a cone. soln. of hydrobromic acid. A. Richardson found that moist red phosphorus 
and hydrogen bromide react in sunlight. If a current of hydrogen iodide be led over 
yellow phosphorus at ordinary temp., phosphonium iodide, PII*!, and some phos- 
phorus di- iodide. PI2, are formed : 5P-h8Hl“2PH4lH-3Pl2. With red phos])fiorus 
there is no reaction, even at IWP. Hydriodic acid acts in a similar manner, but 
less rapidly, provided the hydriodic acid is in excess ; if tlie j)hosphoru.s be in excess, 
the reaction is modified by the water since water decomposes ])hosphoru8 di-iodide ; 
the final products are pho.sphoMium iodide and phosphorous acid : 2l’-f-Hl-f-3H20 
~PH4l-t-H3POa. Phosphorus pentoxide, T’.jGs, say G. H. Bailey and G. T. Kowler, 
absorbs about 227 c.c. of hydrogen chloride gas per urain. The rate of absorption 
commences very slowly, rises to a maximum in about 120 hours, and then gradually 
diminishes, finally ceasing altogether in over 6(X) hours. It is believed that there is a 
slow reaction resulting in the formation of phosphoryl chloride, POCI3, and meta- 
phosphoric acid : 2p2<)5-|-3il( T- P()(’l3-|-.3HP03. II. Moi.ssan observed that the re- 
action between hydrogen fiuoride ami pho.sphoriis ])entoxidc. is due to the formation 
of phosphoryl fluoride, PGH’3. I’ho.sphorus ()entoxido also absorbs hydrogen bro- 
mide, but not hydi'ogcn iodide ; in the former c.a8<'., phosjthoryl bromide, POBr3, is 
slowly formed, even more slowly than in the case of ])hosj)horyl chloride. 

Hydrogen chloride acts on but few of the metalloids at. ordinary tcm[»., or even 
when heated. It iiiHames in contact witli fluorine; it forms chlorine when heated 
with oxygen ; and it forms a mixture of silicon tetrachloride, BiUl^, and silico- 
chloroform, SiHCls, when heated to redness with amorphous silicon. Most of the 
metals, when heated with hydrogen chloride, form chlorides with the evolution of 
hydrogen. ^According to M. Rii).alkin, the reaction with silver **> commences at 
about 117° and j)rogrcss<“.s with an increasing velocity np to 200°. The reaction is 
reversible in that silver chloride is reduced by hydrogen : 2AgCl )-H2^2Ag 1-2HC1. 
Magnesium, sodium, or potassium burn momenturily in hydrogem uxlidc and tlie 
flame then exj)ires. A. Potilitzin found OG f) ptu- cent, of hydrogen iodide reacted 
with silver in 6 days. M. Ribalkin also noted that with copper for equilibrium, 
93 per cent, of hydrogen chloride is decomposed at 2.‘10°, ami GO jX'.r cent, at 440° ; 
with cuprous chloride and hydrogen; 2('u(UH-ll2 -^2Cu+2H(.'l, there i.s no reaction 
at 200° ; at 230°, 5 per cent, of hy<1rogen chloride is formed and 35 per cent, at 4 10°. 
According to A. Richardson, dry hydrogem ioilido is coiu])letely decomposed by 
contact with dry copper. The action of hydrogen chloride on warm aluminium 
(160°), coi)pcr, or silver was found to be accompanied by an emission of electrons 
as evidenced by electrical conductivity. Mercury is not attacked by hydrogen 
chloride, but G. H. Bailey and G. .1. Fowler found a Avhite skin of mercurous 
oxychloride, IIg20Cl2, is formed on the surface of mercury confining a mixture 
of hydrogen chloride and oxygen in darkness or in light. Similar remarks 
apply to mixtures of oxygen with hydrogen bromide or iodide. Hydrogen 
bromide or iodide alone, dry, and free from oxygen, are almost cora]>]etely 
decomposed in light or in darkness when in eontaet with mercury. M. Berthelot 
foimd that a quantity of hydrogen bromide whi(!h deeomiiosed in 50 hrs. at 100° 
when in contact with incrcury, required a year to decompose it at ordinary temp! 
Hydrochloric acid dissolves the metals of the alkalies and alkaline eartlis, ginp! 
magne.sium, cadmium, aluminium, manganese, nickel, cobalt, iron, and chromium 
with the formation of the chlorides and the evolution of hydrogen ; and it di.ssolve3 
the metals of the fifth and sixth groups. Lead is slowly, and tin and copper very 
slowly, attacked in a similar manner. Silver, mercury, arsenic, antimony, bismuth, 
gold, and platinum are not dissolved. Hydrobromic and hydriodic acids also 
dissolve many of the metals, forming bromide, s or iodides respectively with the 
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liberation of hydrogen. According to A, Ditte and R. Metzner,i® antimony dissolves 
in hydrochloric acid in the presence of oxygen. Platinum black or platinum sponge 
is slowly attacked by hydrochloric acid in the presence of air — say occluded oxygen—* 
forming hydrochloroplatinic acid, H 2 PtClo ; platinum fdil, gold, and tellurium are 
likewise attacked under similar conditions if heated some hours at 170®. According 
to C. Matignon, these reactions occur at a much lower temp, than that at which 
hydrogen chloride is appreciably affected by oxygen. M. Berthelot found that 
fuming hydrochloric acid attacks gold and platinum in light, and particularly 
if some manganese chloride is present. Seleniferous hydrochloric acid, says 
J. K. Geroclc, dissolves copper much more rapidly than if selenium bo absent. The 
rate of soln. of magnesium in hydrochloric, hydrobromic, and hydriodic acids is 
discussed by N. Kajander ; and the rate of soln. of plumbifcrous zinc by W. Spring 
and E. van Aubel ; and of chromium by T. Doring. According to W. Hittorf, 
passive chromium is activated by hydrochloric, hydrobromic, or hydriodic acid. 

Hydrochloric acid decomposes the insoluble oxalates, carbonates, hypophosphites, 
phosphates, hydrides, and sulphites. Ferrous, manganese, and zinc sulphides are 
readily dissolved by hydrochloric acid ; silver, cadmium, copper, lead, tin, cobalt, 
nickel, antimony, and bismuth sulphides are dissolved by the cone, acid ; arsenic 
tri- and penta-aulphides arc dissolved only by the hot cone, acid ; red mercuric 
sulphide is insoluble, while the black sulphide is slowly dissolved by the hot cone. acid. 
Most of the metal oxides and hydroxides are converted into chlorides by treat- 
ment witli hydrochloric acid —e.//. lead, tin, arsenic, ajitirnoiiy, bismuth, copper, 
silver, gold, molybdenum, chromium, aluminium, cobalt, nickel, iron, manganese, 
cadmium, zinc, and the oxides of the alkalies and alkaline earths. Similar remarks 
apply to hydrobromic and hydriodic acids. The ignited oxides react more slowly 
than when freshly precipitated or dried at 100®, and the calcined oxides of chromium, 
iron, aluminium, etc., require a very ])rolongc(i boiling wdth tlie hydrochloric acid to 
effect soln. W. Spring has studied the rate of dissolution of marble or Iceland 
spar in the haloid acids. E. F. Smith and V, L, Meyer found that tjie hydrogen 
halides expel all the nitrogen from nitrates ; phosphates are but slightly affected ; 
arsenic is ])artially volatilized from arseniates by hydrogen fluoride, and com- 
pletely rertiovcd by the other halhlcs ; hydrogen chloride expels all the antimony 
fromantimoniates ; and hydrogen fluoride or bromide volatilizes part of the vanadium 
from vanadates, and hydrogen chloride drives off all that metal. The metal 
dioxides — e.g, manganese dioxide, lead dioxide, chromic anhydride, etc. — with 
hydrochloric acid form the corresponding chloride, and chlorine. Hydrogen chloride 
acts on dry manganese dioxide whether moisture is excluded or not. There is a 
vigorous reaction between chromic anhydride, Cr 03 , and hydrogen chloride, much 
heat is developed, and cliroinyl chloride, (h() 2 (^l 2 , is formed; a similar reaction 
occurs with .35 to 40 per cent, hydrochloric acid, but the yield of chromyl chloride 
is reduced the more dil. the acid, until, with 20 per cent, hydrochloric acid, chlorine 
alone is formed. i® The permanganates, persulphates, chromates,^® etc., furnish 
chlorine, etc. Caro’S acid liberates chlorine from hydrochloric acid, but with 
hydrofluoric acid, neither fluorine nor ozone is j^roduced— the latter, if formed, would 
have been taken as evidence of the transient appearance of fluorine. Ferric salts 
are reduced to ferrous salts by hydriodic acid. Some of the carbides, borides, 
and metal silicides arc readily attacked by hydrochloric, hydrobromic, or hydriodic 
acid. The reaction between hydriodic acid and the chromates has been studied 
by W. Ostwald ; 20 between hydriodic acid and the persulphates by T. S. Price. 

Hydrochloric acid is one of the strongest of acids, but if moisture bo excluded, 
G. Wilson noticed, in 1859, that hydrogen chloride gas does not even redden blue 
litmus. R. E. Hughes and F, R. L. Wilson 22 found no appreciable increase in 
weight on treating dry Iceland S 2 >ar at 130® for an hour with dry hydrogen chloride ; 
with the moist gas, there was approximately 3 per cent, increase in weight. This 
confirms an observation made by W. Higgins in 1814 : Dry muriatic acid has no 
action on dry calcareous earth, while these substances readily unite if moisture be 
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present/’ The action of hydrogen chloride in non~aqueous solvents has bfe^n 
already discussed. 

Liquid hydrogen chloride also exhibits but few acid properties, as has been 
demonstrated mainly by G. Gore. For example, he found that the liquid posse^es 
but a feeble solvent action, is somewhat inert, and, with the exception of aluminium, 
exerts but little action on the metals. The liquid does not dissolve the alkali 
chlorides, ammonium chloride, nickel chloride, etc. ; iodine dissolves to form a 
purple liquid. The carbonates of the alkalies and alkaline earths, and ammonium 
are so slowly converted into chlorides that the evolution of carbon dioxide is not 
noticed. The alkali metals are immediately encrusted with a protective film of 
insoluble chloride ; arsenic, antimony, cadmium, silver, and platinum are not 
attacked ; lead, magnesium, and tin are very slowly attacked ; iron, copper, and 
thallium are superficially attacked. Similarly, liquid hydrogen iodide attacks the 
metals of the alkalies, silver, mercury, copper, tin, iron, and aluminium ; while lead, 
cadmium, zinc, magnesium, thallium, bismuth, antimony, and arsenic are superficially 
attacked ; 'while boron and silicon are not attacked. The metal oxides, are attacked 
very slowly by liquid hydrogen ohloiidevif at all; arsenic, antimoj;iy,. an^ 4^^;^ 
oxide are dissolved — the last slowly ; alumina and silica are not changed ; titahiO 
oxide is slightly soluble in the liquid. The sulphides are attacked so slowly by 
liquid hydrogen chloride that no evolution of gas is noticed— sodium and lead 
sulphides form the chlorides ; antimony sulphide dissolves ; realgar does not dis- 
solve ; iron sulphide is not changed ; calcium phosphate is not dissolved ; potassium 
dichromate is not changed ; and lead chromate forms a white mass. Sodium and ' 
calcium carbonates are not attacked by liquid^hydrogen iodide ; cop]>er oxide and 
manganese dioxide are converted into iodides ; sulphur forms hydrogen sulphide 
and iodine ; carbon disulphide is inert and immiscible ; sulphur dioxide forms , 
water, hydrogen sulphide, and plastic sulphur ; ammonia forms ammonium iodide ; 
and water mixes with the liquid iodide in all ])roport;ions. Fats are attacked ; ether 
V .and many organic compounds form additive products,.2iJ 

The composition of the hydrogen halides. — The composition of hydrogen chloride 
was determined by J. L, Gay Lussac and L. J. Thenard 2^ by synthesis from a 
mixture of equal volumes of hydrogen and chlorine in diffuse light ; and by analysis 
by heating a piece of potassium in one volmne of hydrogen chloride gas - potassium 
* chloride was formed, and half a volume of hydrogen remained. A. J. Balard 
employed the last-named process for the analysis of hydrogen bromide ; and J. L. Gay 
Lussac, for hydrogen iodide. J. L. Gay Lussac also shook up a sealed tube of 
hydrogen iodide and some mercury wliereby mercury iodide and hydrogen were 
formed. One end of the sealed tube was opened under mercury and the residual 
hydrogen was found to be equal to half the original volume of hydrogen iodide. 
The lecture tabic processes of demonstrating the composition of hydrogen chloride 
are as follows : 

1. Analysis of hydrogen chloride hy sodium amal(/am,~A stoppered pfiass tube — about 
70 cm. long and 1*5 cm. in diameter — is filled with dry hydrogen chloride over mercuiy. 
Sodium amalgam is then droi)ped into the tube, and the tube immediately closed with its 
stopper. The tube is inverted several times in succession, and then opened while its mouth 
IB dipping under mercury. Mercuiy rushes into the tube, and the residual gas is brought 
under atm. press, by raising or lowering the tube imtil the mercury inside and outside is at 
the same level. The volume of the residual gas is noted. The residual gas can then be 
tested in the usual mamior. It is hydrogen. The hydrogen chloride reacts with the 
sodium of the mercury amalgam, forming sodium chloridcj and liberating hydrogen. The 
object of using sodium amalgam in place of metallic sodium is one of convenience. This 
experiment demonstrates that hydrogen chloride contains half its own volume of hydrogen. 
Hence, from Avogailro’s hypothesis, one molecule of hydrogen chloride contains half a 
molecule, that is, one atom of hydrogen. 'Fhe formula is therefore HClir, where x represents 
the ntunber of atoms of chlorine in the molocfulo. The vapour density of hydrogen chloride 
is nearly 36'6 (Ha=B=2). Hence the mol. wt. is 36*5, and the weight of hydrogen in the 
molecule is 1. The molecule of hydrogen chloride thus contains 36'5 — l— 3.5-5 parts of 
chlorine for every part of hydrogen. 

2. The dectrolysie of hydrochloric acid. — When cone, hydrochloric acid is electrolyzed, a 
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mikttire of equal volumes of hydrogen and ohlorine is obtained. Carbon electrodes are 
used because the chlorine slowly attacks platinum. Chlorine gas is also soluble in cone, 
hydrochloric acid, so that the acid should be sat. with chlorine TOfore the attempt is made 
to measure the gaseous products of electrolysis. 1 he vessel containing the acid is arranged 
so that the acid about one electrode is connected with the acid about the other electrode by 
a glass tube junction,®® and an electric current is passed until the liquid in the chlorine 
limb is sat. with chlorine. The two gas receivers are put into communication with the 
electrolytic vessel by suitably turning the tlu‘ee-way stopcocks. The gas receivers have, 
of course, been previously filled with liquid — a sat. soln. of sodium chloride — by placing a 
dish of the liquid below each receiver and applying suction at the proper exit tube when 
the three-way cocks are suitably turned. The gases collect in the tubes at equal rates. 
The experiment shows that during the electrolysis of concentrated hydrochloric acid, the 
volume of hydrogen liberated at the one electrode is equal to the volume of chlorine liberated 
at the other electrode. Assuming that the hydrogen chloride dissolved in the water is 
alone decomposed by the electric current, it follows that hydrogen chloride contains equal 
volumes of hydrogen and of chlorine, and therefore also an equal number of atoms ; or 
the formula is HsCIk, where x is evaluated as before from the vapour density 36*5. This 
demonstration of the composition of hydrogen eliloride, though interesting as circumstantial 
evidence, is not a proof unless supported by accessory evidence, A similar demonstration 
. applied to,; thq;fmal^^^ hydr^nuoric acm^^vrould prove *Mhat hydrogen fluoride is a 

^ .compound of hj^drogda and oxygen. 

3. Ti^wiynmeiia ’of hydrogen c/don‘d«.— The mixed gases obtained by the electrolysis 
of cone, hydrochloric acid are passed through a stout glass explosion tube with a stopcock 
at each end. The tower is jiacked with lime and glass wool to absorb the chlorine. Instead 
of the tower, the exit tube may lead to the fume closet. When all the air is displaced, the 
stopcocks are closed. One of the stopcocks may bo opened while the corresponding end of 
the tube is dipping under cone, sulphuric acid ; no gas enters or loaves the apparatus. 
The tube and contents are exposed to sunlight or to the light from burning magnesium. 
The face must be protected in case the tube should burst during the explosion. When the 
tube is cold, open one of the stopcocks while the corresponding end is mpping under cono. 
sulphuiic acid ; no gas enters or leaves the tube. This shows that no change in volume 
has taken place os a result of the explosion. It can be proved that the tube contains 
nothing but hydrogen eliloride by opening the tip of the tube imder water. The hydrogen 
chloride will be absorbed and water will rise and All the tube except for a little air (or 
perhaps a slight excess of hydrogen) wliich might have been present. This experiment 
shows that one volume of hydrogen unites with one volume of chlorine to form two volumes 
of hydrogen chloride, 

Hydrogen chloride contains the eq. of half its volume of chlorine and half its 
volume of hydrogen, or, by Avogadro’s hypothesis, assuming the hydrogen and 
chlorine each contain two atoms, one molecule of hydrogen eliloride contains half 
a molecule of chlorine, that is, one molecule of hydrogen chloride contains an atom 
of chlorine and an atom of hydrogen. The formula is therefore HCl. This agrees 
with the vapour density determination of hydrogen chloride which furnishes 36*49 
(H 2 = 2 ). If the at. wt. of. chlorine be 35*46, and of hydrogen 1*008 (0=16), it 
follows that the formula for hydrogen chloride is HCl. 

The detection and determination of the chlorides, bronzes, and iodides.— A 
soln. of silver nitrate produces a very sparingly soluble precipitate of silver chloride, 
bromide, or iodide when added to a neutral or acid soln. of the corresponding acid 
or salt. Silver chloride and bromide are white, silver iodide is pale yellow. The 
precipitates are all virtually insoluble in dil. nitric acid, and in a soln, of potassium 
cyanide or sodium thiosulphate. Silver chloride is easily soluble in aq. ammonia, 
silver bromide is less soluble, and the iodide is but sparingly soluble. Ammonjinu 
carbonate (sesqui- or bicarbonate) dissolves silver chloride fairly easily, but not 
the bromide or iodide. Silver nitrate 4oes not precipitate all the chlorine from 
soln. of mercuric chloride unless a large excess of the nitrate is used. Stannous 
chloride also reduces some of the silver to the metallic state ; the precipitate with 
platinic chloride is yellow owing to the presence of some platinum. Green chromic 
chloride also gives no precipitate with silver nitrate. Mercurous nitrate gives a 
white precipitate of mercurous chloride, a pale yellow precipitate of mercurous 
bromide, and a yellowish-green precipitate of mercurous iodide respectively with 
neutral or acid soln. of chlorides, bromides, or iodides. Soln. of lead acetate or lead 
nitrate give crystalline precipitates in cold cone, soln. of the halides — the chloride 

von. n. p 
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and bromide are white and the iodide is yellow. The precipita.te.3 are fairly soluble 
in hot water. ThallOUS sulphate, TI2SO4, gives a white precipitate in cone. soln. 
of the chlorides, or bromides, and a deep yellow precipitate Avith iodides. Palladium 
chloride, PdCl2, has no action on soln. of chlorides or bromides, but palladium 
nitrate, Pd(N08)2, gives a brown precipitate, PdBr2, with bromides, but not with 
chlorides ; both palladium salts give a very dark brown precipitate, Pdl2, with 
iodides. Mercuric chloride in excess gives no precipitate with chlorides or bromides, 
but Avith iodides a scarlet precipitate, Hgl2, is obtained. This precipitate is soluble 
if the potassium iodide be in excess. Iodides alone are decomposed by fenic sulphate 
with the liberation of the free halogen. A mixture of copper sulphate and sulphurous 
acid added iu excess to a cone. soln. of a chloride, bromide, or iodide, gives a pre- 
cipitate of the corresponding cuprous chloride, CuCl, or bromide, ('uBr, or iodide, 
Cul. Stannous chloride can be used instead of sulphurous acid. A soln. of cuprous 
chloride in an excess of ammonium chloride gives a white precipitate of cuprous 
iodide, Cul. Dil. sulphuric acid (1 : 10) has no action on chlorides cold or hot ; it 
has no action on cold soln. of the bromides or iodides, but gives off hydrogen bromide 
or iodide respectively when heated. Cone. suli)huric acid partially decomposes 
solid chlorides in the cold and completely when heated. Hydrogen chloride is 
evolved. Silver and mercurous chlorides are decomposed with difliculty, the latter 
gives off some sulphur dioxide as well as hydrogen chloride : 2HgCH-3H2S04 
=2HgS04-f'2H20-l-S02+2HCl. Bromides under sijiiilar conditions give both 
bromine and hydrogen bromide ; and with iodides, iodine is formed and some 
sulphuric acid is reduced to sulphurous acid: 2Nal-i-2H2S04=Nu2S04-J H2O 
-f H2SO3-I-I2 ; and with an excess of hydriodic acid the sulphuric acid is reduced to 
hydrogen sulphide : H2S04-{-8Hl— 4H20-j-H.2S +-4T2. If the chloride, bromide, 
or iodide is mixed with sulphuric acid and manganese dioxide, there is an evolution 
of chlorine, bromine, or iodine resj)ectively. Erce hydrochloric acid can be detected 
in a soln. of a chloride by distilling the soln. with manganese dioxide alone, and 
collecting the distillate in a soln. of starch and potassium iodide. A blue coloration 
indicates that hydrochloric acid was pre.sent. Alkali chlorides or bromides are not 
decomposed if melted with potassium dichromate ; but the iodides liberate iodiue. 
If a dry decomposable chloride is heated Avith a mixture of concentrated sulphuric 
acid and pot^ium dichromate, reddish-brown vapours of cliromyl chloride, 
Cr02Cl2, are evolved which condense to a brown liquid. This chloride is decomposed 
by water forming chromic and hydrochloric acids : Cr02Cl2-l-2H20=H2CrO4 +21101. 
.If treated with sodium orpotas.sium hydroxide, a mixture of the alkali chloride, etc., 
is formed. If such a soln. be acidified and .shaken with other and hydrogen peroxide, 
the upper ethereal layer will be coloured blue, and this coloration indicates chromium, 
which in trurn shows that a chloride was originally present. With bromides, bromine, 
and with iodides, iodine ; but no chromium collects in the distillate. Chlorides, 
bromides, or iodides when heated with a mixture of dil. sulphuric acid and potassium 
dichromate give respectively free chlorine, bromine, or iodine. Chlotiue WUtet 
with bromides liberates bromine, which can be recognized by the yeUow or brown 
coloration, particularly if shaken with a little chloroform or carbon disulphide in 
which the bromine di.ssolve8. Iodides belnave similarly, but impart a rose or 
violet colour to the chloroform or carbon disulphide ; bromine water liberates iodine 
from iodides alone. Alkali nitrates and dil. sulphuric acid have no action on chlorides 
or bromides, but with iodides, iodine is liberated, and this can be recognized by the 
blue coloration it imparts to a soln. of starch. In I. (iiuwvscM’s test for bromine 
(1912), 2« H. Sebiifs reagent for the detection of aldehydes i.s made by just decolorizing 
a soln. of magenta B (or rosaniline acetate, p-rosaiiiline hydrochloride, Hofmann’s 
violet, etc.) by means of sulphur dioxide (or sodium bisulphite). A trace of bromine 
gives an intense violet-blue coloration, iodine gives virtually no coloration, and 
chlorine a brownish-yellow or red tint. The coloration shoAvs with O'OOOOl grni. 
of potassium bromide in O'l c.c. of soln. after treatment with 2 c.e. of 25 per cent, 
chromic acid. The liquid is shaken with ether and the colour collects between the 
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ethereal and aq. layers. In testing for bromine vapour, the reagent is best absorbed 
on blotting paper free from starch, and this suspended over the liquid in which the 
bromine is liberated by chlorine water, chromic acid, etc. The reaction is hindered 
by nitrites which must be removed ; thiocyanates give no reaction or a faint rose 
coloration. The colour given with aldehyde and the magenta reagent is reddish- 
violet, and is not removed from the soln. by ether ; the colour is produced only in 
soln., and not by the vapour of aldehyde. 

Most insoluble chlorides are decomposed by boiling with a cone. soln. of sodium 
carbonate : 2Hg01-(-Na2C03=2NaCl )-C02+Hg2G, and the soln. of alkali chloride 
is freed by filtration from the heavy metal. Silver chloride is not decomposed by 
this treatment, but even it is decomposed by fused sodium carbonate. Silver 
chloride may also be decomposed by treatment with cadmium or zinc in an acid 
soln. Many chlorides of the non-metals are decomposed by water with the forma- 
tion of hydrochloric acid : PCl5+4:H20— II3PO4+5HCI ; carbon tetrachloride must 
be heated with water in a sealed tube : CCl4-i-2H20— C02-|-4HC1. Many organic 
chlorides are decomposed : (i) By heating in a sealed glass tube with silver nitrate 
and cone, nitric acid — ^L. Carius’ process, (ii) By heating an intimate mixture 
of the chloride with granular lime and subsequently extracting the mass with dil. 
nitric acid, (iii) By heating the substance with a small piece of clean sodium, 
or magnesium wire. The cold mass is extracted with water. 

Chlorides, })romidcs, and iodides can be quantitatively determined by treatment 
with silver nitrate, and, with suitable precautions, the preeij^iiated halide is washed, 
dried, and weighed. Chlorides in neutral soln. can be determined by F, Mojir's 
voluvietric process 27 by titration with a standard soln. of silver nitrate with a little 
potassium chromate or sodium phosphate as indicator. When all the cliloride has 
reacted with the silver nitrate, any further addition of this salt gives a yellow 
coloration with the phosphate, and a red coloration with the chromate. In 
J. VolhemVs volumetric process, the chloride is treated with an excess of an acidified 
soln. of silver nitrate of known concentration. The excess of silver nitrate is 
filtered from the precipitated chloride, and titrated with a standard soln. of ammo- 
nium thiocyanate, NJl4CNS“"a little ferric alum is used as indicator. When the 
silver nitrate is all converted into thiocyanate : AgN03+NH4CNS=AgCNS 
+NH4NU3, tlie blood-red coloration of ferric thiocyanate appears. 

A. du Pasquier 28 jn and M. J, Fordos and A. Gelis in 1842 indicated the 
princi])le of the process for the volumetric determination of iodine by means of 
sodium thiosulphate : 2Na2S203-l-l2=2NaI ] Na2S4(\, but the results were not 
satisfactory. R. Bunsen used a standard sola, of sulphurous acid : 112803+12 
4’H20--''H2S04-|*2HI, and indicated the precautions needed for accurate results. 
The introduction of sodium thiosulphate in place of sulphurous acid by 0. L. H. 
Schwarz in 1853 proved of noteworthy benefit in analytical ])rocesses. A little 
starch paste is used as indicator, and wdien the blue colour of the iodine is discharged, 
the titration is finished. The process is used not so much for the direct determination 
of iodine in iodine compounds, but rather in the indirect determination of such 
substanc+s as will liberate iodine when in contact with potassium iodide cither by 
direct dis[>lacement — e.g. chlorinated compounds, chlorine, etc.- or by reduction 
in the presence of hydrochloric acid — c.g, lead peroxide, cliroiuic acid, raaiiganeso 
peroxide, arsenic acid, ferric chloride, etc. Bromides can be oxidized and the free 
bromine p«as.sed into a soln. of ])otassiuin iodide or into a soln. of arsenious acid of 
known concentration. Alkaline ars€3nites arc transformed by chlorine, ])romine, 
or iodine into arsenates : K3ASO3+II2O+CI2— KH2ASO4+2KCI, the free halogen 
can be titrated with a standard soln. of sodium thiosulphate, or the excess of 
arsenious acid titnited with a standard soln. of potassium permanganate : 2KiTn04 
+rxH3^s()3+4IloS04r^.-3H20-f2KHS04+2MnS04+r)H3As()4. The separation of 
chlorides, bromides, and iodides is elYected by removing the iodine with some 
reagent which does not interfere with the other two lialidcs, and separating the 
chlorides and bromides by oxidizing reactions which break down the broinides but 
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no^ the chlorides* For example, F. W. Kuster^® distilled a mixture o£ the three 
halides with a soln, of acetic acid and sodium acetate which expelled the iodine ; 
then with a soln. of acetic and sulphuric acids to expel the bromine ; and finally 
with cone, sulphuric acid to expel the chlorine. The methods usually employed 
depend on the fractional oxidation of the mixture. Iodides are oxidized most 
readily, and chlorides least readily. L. F. Kebler used cone, nitric acid, but the 
result is more under control with dil. acid. There is a tendency to the formation 
of iodic acid. J. von Liebig recommended oxidation with iodic acid, or potassium 
iodate and sulphuric acid ; S. Benedict and J. P. Snell used a mixtme of potassium 
iodate and acetic acid with better results. Several other oxidizing agents have 
been recommended— lead, manganese, or barium dioxide ; alkali chromates, 
permanganates, nitrites, hypochlorites, arsenates, or persulphates ; ferric salts ; etc. 
The processes require a careful adjustment of the acidity of the sola, and on the 
interruption of the reaction at the right time, otherwise the chloride might be 
attacked. S. Bugarszky’s method (1895) is based on the action of potassium 
didodate in dil. sulphuric acid soln. as symbolized by the equation : KH(I03)2 
+10KBr+llH2S04=llKHS04+6Br2+l2+6H20. The iodine and bromine can ’ 
be distilled off in a current of steam, and the remaining chloride with the excess of 
iodic acid. The soln. with the chloride is diluted, acidified with nitric acid, and 
the chloride titrated by Volhard’s process ; the bromine is absorbed in a reducing 
soln. — containing say phosphorous acid — and boiled until all the iodine is expelled 
and the bromine determined in the residue by Volhard's titration process. G. Deniges 
liberated the iodine by treatment with sulphuric acid and ferric sulphate ; the 
bromine by potassium dichromate ; and the chlorine was liberated from the residue 
left after the removal of these two halogens. If a soln. of iodides, bromides, and 
clilorides be boiled with ferric sulphate, the iodine which distils off can be collected 
in a soln, of potassium iodide and titrated with sodium thiosulphate. The soln. is 
cooled to W and a slight excess of potassium permanganate is added. The bromiiic 
is all liberated, and it may be collected in ammonia. Chlorides alone remain in the 
residue. 

Silver chloride is converted into silver bromide by digestion with a soln. of 
potassium bromide. Silver iodide is scarcely affected by this treatment. Silver 
chloride and bromide are converted into silver iodide by dig(38tion with potassium 
iodide. Hence, F. Field devised an ingenious process for the determination of 
chlorides, bromides, and iodides when all these are together. The soln. is divided 
into throe equal parts. The halogens in each are precij)itatcd with silver nitrate. 
The precipitate in one is washed, dried, and weighed. Let w be the weight of the 
precipitate containing x of silver chloride, y of silver bromide, and z of silver iodide. 

. The precipitate in another portion is washed, digested wijh potassium bromide/ \ 
washed, dried and weighed. Let w.> be the weight of the precipitate containing 
187’8a;/i43-34 of silver bromide derived from silver chloride, with y of the original 
bromide and z of the original iodide. ...The third precipitate is treated with potassium 
iodide in a similar manner. The weight of silver iodide contains 234‘8a;/143*34 
of silver iodide derived from the chloride ; 234*8^/187*8 derived from the bromide, 
and z of the original iodide. Consequently, Wi^x-{-y+z\ tc.>=5:l*310a:+w+2 • 
4e»g=l*638r+l*250y+z. " . ^ 

Uses of the halide acids. — The hydrochloric acid formed as a by-product in the 
manufacture of sodium sulphate from sodium chloride is sufficient to meet com- 
mercial requirements, and accordingly the acid is cheap. The largest amount of 
hydrochloric acid or hydrogen chloride is used in the manufacture of chlorine and 
chlorine products—hypochlorites, bleaching powder, and chlorates. It is also used 
in the manufacture of many of the metal chlorides -zinc, tin, etc. This acid is also 
used for general purposes in laboratories, in analytical and metallurgical work, in 
the manufacture of colours. Smaller quantities are used medicinally. Hydro- 
bromic acid or the bromides and hydriodic acid or the iodides are used medicinally, 
in photography, and in analytical chemistry. Hydriodic acid is an important 
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red[u0iiig agei)ii 4 ^^ fl[ydrochlori6 aoid i$ stored left tranisport in large glass balloons 
or carboys, <»' in stoneware vessefo. It cannot be stored in iron or lead vessels 
because these metals are attacked by the aoid. 
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§ 12, The Chlorides, Bromides, and Iodides 

Many chlorides can be obtained by double decomposition — c.g, by treating silver, 
lead, or mercurous nitrate with hydrochloric acid or a soln. of a soluble chloride the 
metal chloride IS precipitated: AgNOa+HCl-AgCl+IINOa ; and ]>y treating 
mercuric chloride with antimony sulphide, gives insoluble mercuric sulphide, and 
soluble antimony chloride: Sb^Ss+aJlgCl^-^iSbCla+SIIgS. H. Rosei trans- 
formed a number of compounds into chlorides hy heating them with five to eight 
times their wciglit of ammonium chloride — e.g. alkali sulphates and nitrates — in 
some cases the conversion is but partial and incomplete—c.^. barium sulphate, 
alkali phosphates, l^romides, and iodides. Bromides are usually converted into 
chlorides, and iodides into bromides or chlorides by treatment with the corresponding 
acid or halogen. The reaction, however, is often rcversible.2 A. Potilitzin found 
5-48 per cent, of bromine was removed from sodium bromide by heating that salt 
with chlorine in a sealed tube at 20® for 36 hrs., anhydrous barium bromide was not 
attacked by cbloiine below 1(X) , Potassium bromide cannot bo completely con- 
verted into chloride by the action of dry chlorine unless at a very high temp., but 
in the presence of moisture the conversion is completed at moderate temp. Gaseous 
hydrogen chloride decomposes bromides at a red-heat. P. Julius showed that in 
the case of silver, iodine vapour converts the bromide or chloride into silver iodide. 
The general processes of preparation may be classed as follows : 
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The (tdion of the halogen on the metal. — ^Many metals unite directly with the 
halogens; for example, potassium; powdered arsenic, antimony, or bismuth ; tin- 
foil ; reduced copper or nickel unite directly with chlorine at ordinary temp,, in 
many cases the reaction being attended by incandescence. Sodium, tungsten, man- 
ganese, zinc, mercury, indium, thallium, tellurium, iron, cobalt, lead, silver, gold, 
and platinum do so when heated. If the gas and metal be thoroughly dried, there 
is little or no reaction with many of the metals. Potassium, arsenic, antimony, 
and tin unite with bromine at ordinary temp, with incandescence ; bismuth, iron, 
and mercury do so without incandescence and in the cold ; gold slowly unites with 
bromine in the cold, platinum not at all. Similarly, when iodine is brought in 
contact with some metals they unite directly in the cold, others require to be heated. 
The direct union of the halogen with the metal is employed for preparing some 
anhydrous chlorides and bromides - c.g, I. A. KablukofF's process for aluminium 
bromide ; F. Ducellicz and A. Raymand's process for manganous bromide or iodide ; 
M. Guichard’s process for ferrous, nickel, and uranium iodides. 

The action of the halogen on the yneial oxidee, hydroxides, or carbonates, — Many 
compounds of the metals can also be used in place of the metals themselves. Thus, 
chlorine attacks silver oxide at ordinary temp., and it reacts with incandescence on 
the heated oxides of the alkalijie earths. Chlorides are also formed by the action of 
chlorine on heated magnesia ; alumina reacts with some difficulty, and silica with 
still greater difficulty, for at a white heat only traces of the silicon chloride arc formed. 
The oxides of zinc, cadmium, cop])cr, nickel, and lead react readily ; ferric oxide and 
cobalt oxide, C 03 O 4 , react with difliciilty. Molybdenum trioxide, Mo ()3 ; tungsten 
trioxide, AVO 3 ; chromic oxide, Cr 203 , form oxychlorides ; while manganese 
carbonate, antimony pentoxide, arsenic trioxidc, and stannous oxide produce a 
mixture of the chloride and an oxide or acid at low temp, and almost wholly chloride 
at a high temp. Bromine vapour likewise, when passed over the red-hot alkali 
hydroxides or the oxides of the alkaline earths, forms the corresponding bromide. 
Silver oxide reacts with bromine in the cold. Bromine expels carbon dioxide from 
the carbonates, but does not decompose heated sulphates of potassium, magnesium, 
or zinc. Iodine vapour acts in a similar way, for if passed over the oxides of certain 
metals — e,g. potassium, sodium, lead, bismuth, etc. —the metal iodide is formed 
and oxygen is evolved. When barium sulphide is treated with iodine the resulting 
barium iodide is decomposed by potassium sulphite and converted into soluble 
potassium iodide and insoluble barium sulphate. Similarly with bromine and 
barium sulphide,^ 

J.^L.’Gay Lussac and L. J. Thenard ^ slmwed in 1811 that if many of the metallic 
oxides be intimately mixed with carbon the reaction with chlorine proceeds more 
readily than with the oxide alone ; the metal chloride and carbon monoxide or 
dioxide are the products of the reaction. M. le Quesueville and F. Wohler used 
this process for aluminium chloride, chromic chloride, silicon tetrachloride, etc., 
and C. Baskervillc for thorium tetrachloride. 

The action of the hydrogen halide or acid on the metal, oxide, carbonate, etc . — 
Most metal oxides are decomposed by the hydrogen halide or acid, either at ordinary 
temp, or at a red heat, with the formation of the metal halide and water. The 
oxides, carbonates, sul})hides, etc., are also decomposed with the formation of the 
metal halide. Soln. of the chlorides, for example, are formed by the action of aq. 
hydrochloric acid on certain metals, metal oxides, or carbonates ; with some metals, 
aqua regia is used in place of liydrochloric acid — e,g. gold, and the platinum metals. 
Some sulphates ^ are decomposed by hydrogen chloride — e.g, the sulphates of 
cobalt, nickel, copper, sodium, etc. In the older processes of F. Klein (1863) ^ the 
liquid obtained by the action of bromine on phosphorus and water was neutralized 
by the addition of lime or magnesia. J. von Liebig used baryta — barium phosphate 
was precipitated, and the barium bromide was treated with potassium sul[)hate. 
The soln. of potassium bromide was filtered or decanted from the ])recipitated barium 
sulphate. E. 1). Faust mixed sulphur with twelve times its weight of bromine 
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and mtlk of lime containing seven' of , Tie^teaciidn is eymboltsred : 
+4Ca0==3GaBr2+CaS04. According to C. Slatignon, the metals of the platinum 
family are transformed into chlorides by the joint action of cone, hydrochloric acid 
and air, for example, platinum black in contact with hydrochloric acid slowly forma 
hydrochloroplatinic acid, H^jP^Cle, at ordinary temp, when air is passed through 
the liquid, platinum foil also dissolves slowly at 170® under similar conditions, gold 
foil acts in a similar manner, but the amorphous gold powder which has no metallic 
lustre is not attacked. Palladium foil dissolves slowly in hydrochloric acid in. a 
globe filled with oxygen ; ruthenium sponge is slowly attacked at ordinary temp,, 
more rapidly at 125” ; iridium free from iron is not attacked at ordinary temp., 
but is appreciably attacked at 160® ; granular rhodium does not react in the cold, 
it is slowly attacked at 150®, rapidly at 200® ; and osmium dissolves slowly at 150®, 
A rod of tellurium partially immersed in hydrochloric acid forms small pale yellow 
drops of tellurium chloride, TeC^, near the surface of the acid in the neighbourhood 
of the rod. The action of hydrochloric acid and oxygen on sublimed tellurium is 
slow at ordinary temp., rapid at 100®. 

The adion of a miMure of svlphur ^nonochlaride and chlorine on the oxides . — ^Ihe 
action of a mixture of sulphur monochloride. S2CI2, and <;hlorine on oxides or oxy- 
salts furnishes anhydrous chlorides — if the chloride is readily volatile, the chlorine 
is kept excels, if it volatilizes wit1ff“ difficulty, the sulphur chloride is kept in 
excess. In this way C. Matignon and F. Bourion ® prepared silicon tetrachloride 
from silicon dioxide at a dark-red heat ; thorium tetrachloride from thoria ; the 
double chloride, 2A1C13-SC14, from alumina. Tungstic oxide gives the oxycTiloride, 
WO-^Cly, at a high temp, and WOCI4 at a lower temp. Ferric or chromic oxide at 
a red heat passes rapidly and completely into the chloride ; nickel or cobalt oxide 
at 400® acts similarly. The oxides of zinc, manganese, and tin are also readily 
converted into chlorides if the fusion of the mass ho avoided. Calcium or barium 
sulphate, or barium carbonate, also readily form chlorides. The easily reduced oxides 
are attacked by hydrogen oromide, while other metal oxides are obtained by the joint 
action of the vapour of sulphur chloride and hydrogen bromide upon the oxide. The 
sulphur chloride should be vaporized between and 90® to get the bromides free 
from chlorides ; thoria at 135® gives thorium tetrabromide, ThBr^, and at 125® thorium 
oxybromide, ThOBr.^ ; chromium sesquioxide gives chromium bromide, CrBrg, in 
black crystalline scales ; nickel oxide, salmon-yellow crystals of nickel bromide, NiBr2 ; 
cobalt oxide, green crystals of cobalt bromide, CoBrj, ; ceria, cerium bromide, CeBrs ; 
and other rare earths give similar bromides. ‘ All these bromides cliange the colour 
of litmus to a wine-red colour and have no action on methyl orange. 

Th^ ciction of dSifhon tetrachloride or a mixtufe of chlorine vrith a hydrocariiofi 
carbon mofioxide on the oxide, — H. N. Warren® obtained aluminium chloride by 
heating the oxide to redness with a mixture of petroleum vapour and hydrogen 
chloride or chlorine, naphthalene chloride or carbon tetrachloride was also used , The 
bromide was prepared in a similar manner. E. Deinar^ay used the vapour of carbon 
tetrachloride, the chlorides of chromium, titanium, niobium, tantalum, zirconium, 
cobalt, nickel, tungsten, and molybdenum ; H. Quantin, a mixture of carbon 
monoxide and chlorine ; and W. Heap and E, Newbery, carbonyl (*hloride. 

The reduction of the ox?j-salt8, —The chlorates, bromates, iodates, and the oxy- 
salts generally lose their oxygen, and are converted into the corresponding chlorides, 
bromides, or iodides by heat or by certain reducing agents. A. Muntz^® found the 
aiiccrobic bacteria of soils effected the reduction. 

When an element forms two or more chlorides, the highest chloride can often be 
formed by heating a lower chloride in an excess of chlorine — e.i/. SnCl2+Cl2=SnCl4. 
If the higher chloride be heated, the lower chloride may be formed— €.<7. TICI3 
, ==;TIC1+Cl2. The lower chloride may form a higher chloride when heated— 
e.g, 3BiCl2— 2BiCl3+Bi. Some of the lower chlorides may be formed by the action 
of hydrogen on the higher chloride at a red heat— titanium, chromium, molyb- 
denum, tungsten, etc. The higher chloride may often be transformed to the lower 
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sulphur dioxide or a sulphite, stannous chToride 7 titanous chloride, etc., reduce feixic 
chloride, FeCla, to ferrous chloride, FeCl2. In some cases the chloride is reduced 
to metal— gold chloride with ferrous sulphate; AuCl3+3FeS04=Au+FeCl3 
4-Feo(S04)3. 

Propei^es of the halides*~The chlorides are usually colourless, some of the 
bromides arc coloured, and still more iodides. Silver chloride and bromide are white, 
and the iodide is pale yellow ; mercuric chloride is white, the iodide is bright scarlet 
or lemon yellow ; mercurous chloride is white, the iodide is green ; lead chloride is 
white, the iodide deep yellow ; anhydrous cobalt bromide is green, the hydrated 
salt, CoBr2.6H20, forms red prismatic crystals. The chlorides are usually soluble 
in water, but silver, mercurous, cuprous, lead, thallous, gold, and platinous chlorides 
are very sparingly soluble ; similar remarks apply to bismuth, antimony, and 
mercuric oxychlorides. With the exception of silver chloride all these salts arc 
soluble in aqua regia, and excepting silver, aurous, and platinous chlorides, all are 
soluble in cone, hydrochloric acid. The chlorides of potassium, sodium, and barium 
are very sparingly soluble in cone, hydrochloric acid. With the exception of 
mercuric, stannic, and stannous chlorides, all chlorides are very sparingly soluble 
in etljer ; , the, deliquescent chlorides of litl^m, calcium, and strontiuip are soluble 
in absoliite alcohol and in amyl alcohol. !the bromides are often less soluble 
than the iodides, and the iodides less soluble than the bromides. The chlorides 
are usually more volatile than the corresponding metals, and some are volatile 
liquids— ASCI3, SbClg, SnCV— others are readily fusible solids which volatilize 
at higher temp, — MgCU, ZnCl2, AlClg, etc. The bromides are usually less fusible 
and less volatile than the corresponding chlorides ; and the bromides in turn arc 
more fusible and more volatile than the corresponding iodides. Anhydrous lithium 
and cuprous bromides evolve bromine when heated to their m.p. ; sodium, coesium, 
and thallium bromides do not. Ammonium and mercurous bromides sublime withoxit 
giving free bromine. Many of the bromides give off a little bromine when heated 
with iodine. The halides of the noble metals decompose into the metal and free 
halogen when heated ; cupric chloride is reduced to cuprous chloride ; the halides 
of silver and mercury are not decomposed by fusion in an atm. of oxygen ; the 
alkali chlorides and iodides are partially decomposed, and other chlqrid|^ or-^ 
may be completely decomposed by this treatment. The chlorides and iodides may 
be wholly or partially decomposed by heating them in a stream of hydrogen—' 
e.g, silver chloride is reduced to the metal ; ferric chloride is reduced to ferrous 
chloride ; cadmium chloride is but slowly reduced at a red heat. Many of even the 
linore stable chlorides decompose when heated for a few hours in a eurreht of ^ater 
vapour — oxides or basic chlorides are formed. The chlorides of the alkalies and 
alkali earths are partially decomposed by this treatment. Aluminium, stannic, 
silicon, and other chlorides are more or less hydrolyzed by treatment with water. 
Similar remarks apply to the bromides and iodides. The evai)oration of aq. soln. 
of the salts which are hydrolyzed by water furnish the hydroxide mixed with the 
halide as dry residue. The non-volatile chlorides which are not decomposed by 
heating in air are not generally decomposed when mixed with carbon and heated 
to a high temp,, although if water vapour be present, reduction may take place. 
J. L, Gay Lussac and L. J. Th^mard obtained .similar results by heating mixtures 
of these chlorides with silica, alumina, beryllia, boric oxide, and calcium phosphate. 
When the chloride is heated with sulphur there is usually little or no action, in some 
cases sulphur chloride is formed ; and with phosphorus the chlorides are decomposed. 
Phosphorus pentoxide forms phosphoryl chloride when heated with sodium chloride. 

The alkali chlorides absorb sulphur trioxide vapour. Sodium chloride forms a 
chloropyrosulphate, NaS2O0Cl. When sulphur trioxide and sodium chloride are 
gently heated the reaction is symbolized : 2NaCl+4S0:j5=N‘a2S207+8206Cl2 I 
a red heat^, sulphur dioxide and chlorine are formed: 2NaCl+2S03=Na2S04 
-f CI24 SO2. According to A. Vogel, the chlorides of the lighter metals — manganese. 
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rinc, cobalt, iron— are decomposed by cone, sulphuric acid at ordinary temp. ; 
for a complete transformation the chlorides of copper, antimony, and bismuth, 
require heating with the acid ; and the chlorides of arsenic, tin, and mercury(ic) 
are not completely decomposed at any temp, ^^^hcn cone, sulphuric acid is heated 
with chromic anhydride or its salts, chromyl chloride distils over ; with the dil. acid, 
chlorine is evolved. Most metal chlorides give chlorine when heated with man- 
ganese or lead dioxide and sulphuric acid. Nitric acid converts Jiiost of the chlorides 
more or less completely into nitrates ; similar remarks apply to boric, arsenic, and 
phosphoric acids. The insoluble chlorides are decomi>osed by fusion with alkali 
hydroxides, peroxides, or carbonates. 

Thermochemistry of the halides. — The heats of formation of the anhydrous 
fluorides, cliloridcs, bromides, and iodides are indicated in Table XVII along with 
the heats of formation in dil. soln. If the heats of combination of the diflferent 


XVMl,-- -Thk ui.au Hkats of Formation of thk Hauidks (CAiiS. risa 

G RAM-MOLKCUI^K ). 


X-^F, (U, 

FluurMes. 

Chloriclcrt. 

Bromides. 

lodidOH. 

Br, or J. 
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elements with chlorine be plotted with the at. wt. of the elements, a periodic curve is 
obtained as indicated in Fig. 17, where the hyphens denote the want of data. 
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The heats of formation of the chloriddi are uniformly higher than the corre- 
sponding bromides, and the heats of formation of the bromides, in turn, are higher 
than the iodides. As a result, fact and hypothesis show that bromine will displace 
iodine and chlorine will displace both bromine and iodine- e.cj. 2AgLfCl2— 2AgCl 
+I 2 +I 9 O Cals. On the contrary, hydrogen iodide will attack silver chloride 
forming iodine and hydrogen chloride. The reverse action, AgCl+HI^AgT-fHCl 
+13*3 Cals., corresponds with the fact that the difference between the heats of 
formation of HCl (22 0) and HI (—0 8) is greater than the difference between the 
heats of formation of AgCl (20*2) and Agl (19*7). Hence, heat is evolved by the 
reaction. G. N. Lewis and M, Randall give for the free energy of formation of a 
Br'-ion, —24,594 cals., and for an I'-ion, —12,304 cals, at 25"". 


Chlorine displaces oxygen from most of the oxides if assisted by heat. With 
the alkalies and alkaline earths, hypochlorites and related bodies are formed. 
These, however, are decomposed at higher temp. Aluminium chloride is partly 
decomposed by oxygen at a red heat ; the reverse action obtains if the energy of 
the reaction be strengthened by allowing carbon to act simultaneously with the 
chlorine, so that instead of an endothermal reaction: Al 203 -b 3 Cl 2 — 2 AICI 3 
-1-30—11*7 C-als., ancxothermalrcaction: Al 203 d- 3 C-l- 3 Cl 2 = 2 Al( 43 -b 3 C 0 +b 7'2 Cals. 
Similarly, bromine displaces oxygen in very many cases, but red-hot aluminium 
bromide burns in oxygen gas : 4 AlRr 34 - 3 G 2 " 2 Alo 03 “l“ 6 Br 2 . Manganous chloride 
is decomposed by oxygen gas contrary to what miglit he expected from the numbers 
in the above table, but in this case, not 


MnO (47*0) but a higher oxide, with a 
heat of formation of nearly 58 Cals., is 
produced. 

J. L. Gay Lussac has shown that 
iodine will disj)lacc oxygen from sodium 
and potassium oxides at a dull red 
heat as would be anticipated from the 
above data. The reaction is, however, 
complicated by the formation of basic 
iodates with the evolution of heat. 



These disturbing side-reactions explain 17.- -Heats of Formation of the Chlorides, 
the difficulty in preparing iodides quite 

free from iodates. The iodides of calcium, zinc, and iron are decomposed by 
oxygen ; manganous iodide burns in oxygen, and the vapour of aluminium 
iodide, mixed with oxygen, is explosive. Mercuric and silver iodides are not 
attacked by oxygen, while the oxides are readily decomj)Osed by a stream of 
iodine vapour. Lead oxide is decomposed in a stream of iodine vapour, and lead 
iodide is decomposed by a stream of hot oxygen. In all these cases, the thermo- 
chemical data fit in well witli the observed facts. 


Acid halides. — The chlorides of many metals absorb considerable quantities of 
hydrogen chloride, and at the same time much heat is evolved. This is supposed 
by M. Berthelot to show that acid chlorides may be formed, but if so, M. Berthelot 
and L. de St. Martin consider that the products obtained with the monobasic acids 
arc decomposed more or less completely when dissolved in water, since the thermal 
change which attends the admixture of one eq. quantity of hydrogen chloride 
with an eq. of potassium, sodium, or ammonium chloride varies from —0*03 to 
— 0*04 cal. 


The products with the dibasic acids are only partially decomposed, the degree of 
decomposition depending upon the relative proportions of water, acid, and neutral 
salt. In accord with the solubility law, the solubility of chlorides in cone, hydro- 
chloric acid is generally less tlian in water, but in some cases, the solubility is greater. 
For instance, this is the case with mercuric chloride, and M. le Blanc and A. A. Noyes 
found the f.p. of sola, of mercuric chloride in hydrochloric acid to be progressively 
depressed only up to the point where the soln. contains the eq. of HgCl 2 - 2 HCl. 
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There are similar indications of tho formation of a number of other atdd ehloric^w, 
CuChHCl : FeCl3.HC1.2H,0 ; CuCl,.2HCl ; cto. ; and P. Pfeiffer (1902) 
following list of acid chloridcH which hav€5 l>oen isolated ; CuCl.HCl ; , 

CuCLi.2HCl.5HjO; CuClj.2HCLHgClj.HCl; PlCl2.HCL2HjO ; i 

GHjO ; AuCl3.HCL4H jO ; ZnClj.HCL2HjO ; 2ZnClj.HCL2H,0 ; * 

SiiClj.HCLSHjO ; SnCl4.2HCL6HjO ; 2SbCl3.nCL3H30 ; 2BiCl3.HCL3HaO. Similar 
remarks apply to the acid bromides, and P. Pfeiffer’s list ( 1902) contained : HgBrj.HBr.4HjO ; 
CuBrj.HBr.2Hj() ; AuBr8.HBr.5HaO ; IrBivBHBr.SHjO ; SnBr4.2HBr.8HaO ; 
PtBr4.2HBr.8H.>0 ; TeBr-.HBr.SHjO ; TeBrj.HBr. The acid iodides hkewiso comprise : 
SnIj.HI; Pblj.Hl.5H2O; BiIj,H1.4HjO ; Ptl4.2m.9HjO; TeI4.Hl.8H2O. 


J. H. Kastle has emphasized the fact that, excluding the colouring effects of 
the chromatic elements like chromium, nickel, copper, cobalt, etc., nearly all the 
fluorides are white, but a few are coloured — e.g. bismuth fluoride is reported to be 
grey. The greater proportion of chlorides are white, while but a few are yellow 
— -e.g. phosjihoric chloride, PCI5. The bromides are generally white ; several are 
yellow c.f/. silver bromide and phosjihoric bromides- and a few are red — ejj. the 
poly bromides, KBrg ; bromine hydrate, ; tellurium bromide is orange. 

The iodides are usually white ; many are a darker yellow than the bromides — 
e,g. silver, mercuric, mercurous, and lead iodides ; a few iodides arc red - poly- 

iodides, Ki.2 ; carbon tetraiodide ; and phosphorous, arsenous, and mercuric iodides. 
Some of the polyiodides have a colour very like solid iodine- tellurium iodide 
is black. A gradation in colour is sometimes observed in passing from the fluoride 
or chloride to the iodide — e.g. silver fluoride is white, the bromide is pale yellow, and 
the iodide, yellow ; phosphorus penta fluoride is coloiirless, the chloride is pale yellow, 
and the bromide is yellow- the iodide is not known. J. H. Kastle argues that the 
darkening of the colour of the halides with heat shows that a little dissociation is 
taking place, and hence infers that the darker colour of the iodides and bromides is 
also due to dissociation. The less stable the halide tho more highly coloured tho 
product. Jt is very doubtful if the first premise is right. 
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§ 13. Colour Changes on Heating Elements and Compounds 

Many observers ^ have noticed that the colour of several substances becomes 
darker when heated, and E. J . Houston said that the addition of heat causes a colour 
to pass from one with a greater to one with a less vibration frequency. In other 
words, the alterations in colour which substances undergo when heated is such 
that the colour passes through the chromatic scale 

Heating— > 

White- V iole t - Blue-G roen- Y olio w- O range ^ Kod-B ro vvn d^lack 

^-Cooling 

The chromatic changes thus take place in a definite order, the order of the spectrum 
colours from the violet towards the red end of the spectrum - and subsequently 
brown or black. The violet and blue stages are often omitt(Hl, and the colour 
changes directly from white to pale yellow. Table XVIll is cited in illustration. 


TaulJ!: XVJil. — ^CoLcnrit Ciianuks of Comcocnds with Ticmvkhatuuk. 


j 

Cotin>ound. j 


Zino oxide 
Mercuric iodide 
Lead oxide 
Thallium iodide 
Co})por borato 
Lead chromate 
Silver iodide . 
Mercuric oxide 


Normal colour at ordinary 

temp. I 


White ^ 

Red I 

Yellow 

Y ollow j 

Blue 

Yellow [ 

Yellowish* white | 

Orango-yellow I 


Colour change with ritte of 
t<‘inp. 


Yellow to orange 

Dark red 

Orange to 

Orange to red 

Green to greenish -yellow 

Red to black 

Orange, red, dark rod 

Orange, red, brown 


J. H. Kastle (1900) also noted that coloured substances usually become lighter in 
colour on cooling ; thus, bromine at —190'' is orange-red, at ordinary temp, dark 
red ; red phenolphthalein in alcoholic soln. becomes colourless ; violet chromic 
chloride becomes pink ; citron-yellow phosphorus })entabromide and yellow iodo- 
form become white or pale yellow ; red mercuric iodide becomes orange-yellow ; 
rhombic sulphur becomes nearly colourless at —190'' ; re<l phosphorus, dark plum- 
coloured chromic alum, pink manganese chloride, and golden-yellow iodide become 
much paler in colour. I. Walz added that the same order is observed in a large 
number of reactions in which the colour change is induced by chemical action. 

W. Ackroyd also found that the colour of comj)ounds becomes redder when heated, 
and considered that the metachromatism, as he styled it, is due to an increased absorp- 
tion of light with elevation of temp., so that the more refrangible rays increase at a 
greater rate than the less refrangible rays, a conc'lusion which was conlirmcJ by 
measurements of E. L. Nichols and B. W. Snow with sulphur, molybdic acid, lead 
monoxide, red lead, mercuric iodide, mercuric oxide, merc.uric sulphi<lc, ferric 
oxide, chromic oxide, ultramarine, and zinc oxide. They showed that a pigment 
owes its colour to light reflected from the interior because that reflected from the 
surface is nearly white. When a pigment is heated, its reflecting power is 
diminished ; and the diminution is usually more marked in the regions of the 
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greatest refrangibility. The changes in colour on heating are due to this unequal 
loss of reflecting power, and the colour appears to shift towards the red because 
the loss of brightness is least in the red and increases rapidly in passing towards 
the violet end of the spectrum as illustrated witli sulphur in Fig. 18. There 
are, however, cases — e,g, cliromic oxide and zinc oxide — where there is a shifting 
towards the longer wave-lengths. Tlie converse change occurs on cooling. Thus, 
E. Wiedemann has shown that sulphur becomes white when cooled by carbon 
dioxide snow, and becomes more intensely yellow as the temp. ai)proache8 the 
ra.p. The weakening or dilution of the colour is due to an increased reflecting 
power. W. Ackroyd assumed that as the absolute zero is approached, the prevailing 
tints of pigments will be blues and violets, merging finally into white. 

W. Ackroyd and W. M, F. Petrie further showed that with binary compounds, 

an increase in the electronegative clement pro- 
duces a colour change towards the red end of the 
spectrum. I’hus, mercurous iodide and chromic 
sesquioxide are green, while the corresponding 
mercuric iodide and chromium trioxide are red ; 
aurous oxide is green, gold sesquioxide is brown ; 
nickelous oxide is green, the sesquioxide is black ; 
manganous oxide is green; and of the higher 
oxides, manganese tetroxide is reddish-brown, 
manganese sesquioxide is brownish-black, man- 
ganese dioxide is black. L(^ad monoxide is yellow, 
lead tetroxide is red, and lead dioxide is brown 
ferrous oxide is white or yellowish, ferric oxide is 
red ; antimony trioxide is white, the pentoxide is 
^ yellow ; bismuth trioxide is yellow, the pentoxide 
is brown ; chroinous chloride is white, chromic chloride violet ; cuprous oxide is 
red, cupric oxide is black ; etc, 

1. Carnelley has further shown that if in a series of compounds 

‘ lu which A, B, (1, . . . rejirescnt elements belonging to the same sub- 
group of Mendeleefl s Table, the colour passes wholly or partially through the series : 

Whitc-^Violot— >Hlue— >CTroon-->Yell()w-->Orangi'— >Tn'i>vvn— >BJa(;k 


0-d 


b 0^6 

I 




-- 


7/t 0^6 

ijr 

i/i o-Sa 

.0 .x.£ 




Iio. 18. — Hc'fiecting Power of 
Sulphur at 25'" and 103^. 


with an increase of the at. wt. of the elements A. B, (\ ... In other words, as the 
at. wt, of the elements A, R, C, . . . in the same sub-group of MendeleefF's Table, 
increases, the more does the colour of a corresponding series of com})Oiinds pass 
towards the red end of the spectrum, and thence to brown and black. The rule 
does not necessarily apply to eleineiits of the same grouj) but a different sub-group ; 
nor does the comparison apply if oxides are com[)ared with sulphides, fluorides with 
chlondes, etc. For instance, 


Mko z„o 

White White and yellow 


Clio 

Brown and red 


H«0 

Yellow and rod 


Of 426 cases tested, T. Carnelley obtained fifteen exceptions, and with these ex- 
ceptions there is some doubt about the ])urity of the compounds whose colour 
ha^ been reported, particularly with tlie salts of the rarer earths. There are also 
inclication^s tliat the colours of the salts of the elements are [)eriodic functions of the 
at. wt. In the case of the iodides when the ordinates represent the at. wt. of tbe 
positive eJement, and the abscissa a chromatic scale rising from black to brown, 

red, orange, yellow, green, etc., a periodic curve analogous with the at. vol. 6urve is 
obtained. 

J. . Capstick gives the following kinetic explanation of the phenomena : The 
molecules of a solid vibrate about certain mean positions, and with all the other 
conditions umform, the period of vibration will be greater, the greater the mass of 
the molecule. If the period of vibration be small enough to coincide with some 
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vibration outside the violet end of the spectrum, no visible vibration will be absorbed, 
and the colour will appear white ; when the mass of the vibrating molecule is aug- 
mented sufficiently to bring the period of vibration up to the violet end of the 
spectrum, the violet rays will begin to be absorbed, and the colour of the compound 
will appear to have the complementary tint — greenish-yellow ; with a still further 
increase in the mass of tlie molecule, the blue rays will begin to be absorbed, and 
the light left unabsorbed gives the compound a yellow colour ; the green rays are 
next absorbed, and the colour appears orange ; yellow is then cut out and red 
remains ; when the red is also cut out, the colour appears black. This shows at 
the same time how increasing the mol. wt. of the compound by atomic substitution 
or by introducing a greater quantity of the electronegative element can produce the 
same result. The results also show that when the period of vibration becomes 
great enough to cut out a particular colour, it also cuts all those of smaller wave- 
length — e,g. if yellow is cut out, then green and blue are also cut out ; if otherwise, 
the colours would travel from orange to reddish-purple, and when the red is cut out 
the colour would incline to green instead of black. Some change of this character 
seems to occur with gold oxide, and the vanadium and uranium chlorides. 

J. W. Capstick further explains the effect of temp, on the colour of compounds 
by assuming that (i) the molecules vibrate about certain mean positions, and tliat 
(ii) a rise of temp, produces a greater amplitude of vibration, bvit not a greater 
period, so that if the vibration be not quite harmonic, a greater amplitude may, as 
with a pendulum, require a longer period, (iii) A rise of temp, is also supposed to 
weaken the cohesion or inter-molecular attraction between the molecules, and thus 
lessen the force of restitution, so that the molecules vibrate more slowly and thUvS 
produce the same sequence of colour changes with rise of temp, as arc observed 
when the mass of the molecule is increased. 
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§ 14« Double and Complex Salts 

Two or more simple salts, each primarily formed by the union of base and acid, 
may unite to form other salts — compound salts-- of greater complexity, sometimes 
called molecular compounds. The compound salts are often well crystallized, and 
they are frequently formed by replacing one or more molecules of the water of 
crystallization by cq. molecules of another salt. Evidence concerning the state of 
a dissolved salt is mainly the result of observations on the physical properties of 
the soln. : e.g. rates of diffusion of the constituents, volume changes on mixing, 
thermochemical phenomena, solubilities, electrical conductivities, etc. If a soln. 
of two salts with common basic or acidic radicles be allowed to crystallize, (1) The 
salts may separate from the soln. independently, and upon this fact is based the 
process of fractional crystallization. (2) The two salts may crystallize simulta- 
neously forming an isomorphous mixture — mixed crystals — in which the resulting 
crystals have a variable composition. The salts may be (a) miscible in all pro- 
])ortions ; (6) partially miscible. (3) The two salts may separate in constant 
stoichioraetrical proportions forming a double or complex salt. (4) Within certain 
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limits of concentration, both mixed crystals and doable salts may be formed.. 
There are three types : i 

1. Mixed (oyst^ aiid solid solutions.— Potassium perchlorate and potassium 
permanganate are isomorphous, and form mixed crystals of all shades of colour 
ranging from a faint pink to a deep purple according to the relative proportions of 
the two salts in the crystals. The physical properties of the mixed crystals- are 
additive — that is, continuous functions of their compositions ; and aq. soln. of the 
mixed crystals give reactions characteristic of their components — ^in the present 
example, of potsissium perchlorate and potassium permanganate. The two salts 
form crystals containing all possible proportions between 100 per cent, potassium 
perchlorate and 100 per cent, potassium permanganate, as discussed under Retgers’ 
law. 

2. Double salts. — ^As in the case of mixed crystals, aq. soln. of double salts give 
reactions characteristic of the component simple salts, but the physical properties 
of the solid salt are not nece-ssaiily additive, and the component salts only unite in 
simple molecular ratios. For instance, soln. of colourless lithium chlcnide, LiCl, 
and green cupric chloride, CUCI 2 . 2 H 2 O, unite to form ruby-red crystals, and 
an aq. soln. gives reactions characteristic of chlorides, copper, and lithium ; 
ferrous ammonium sulphate gives reactions characteristic of ferrous and ammonium 
sulphates. It is pure chance if the composition of a mixed crystal happens to be in 
simple molecular ratio since a variation in composition of the mother liquid from 
which the crystals are deposited will be attended by a variation in the composition 
of the crystals. A change in the composition of the liquid may change the com- 

E osition of the compound salt, but the change will bo abrupt, not gradual, in 
armony with the law of multiple proportions. 

3. Clomplex salts, or salts of complex acids. As in the case of double salts, the 
component salts of the so-called complex salts are combined in a simple molecular 
ratio, and the resulting compound salt is quite distinct from a mechanical mixture 
of the component salts ; and unlike double .salts, the chemical properties of a soln. 
of a complex salt are different from the properties of soln. of the component salts. 
Copper bromide forms a dark brown aq. soln., which becomes purple-red on the 
addition of lithium bromide ; the change in colour is doubtless d\io to the formation 
of a complex LiaCuBr^.eHgO. The term double salt is often applied somewhat 
loosely to compound salts formed by the union of one or more molecules of one 
salt with one or more molecules of another salt ; but, as W. Ostwald 2 said in 1889, 
ite term doable salt should not be applied to combinations of two salts which 
give reactions different from those of the constituent salts. For examjde, the 
complex salt potassium ferrocyanide is a compound salt formed by the reaction : 
4KCy-i-FeCyj5=K4FeCy6. The product of this combination docs not give the' 
analyiiical reactions characteristic of potassium cyanide nor of ferrous cyanide. In 
the language of the ion theory, this is expressed by saying that the ions of Complex . 
^ts in solution are different from, and the ions of doable salts are nimiia r to, the 
ions of the simple salts from which they are derived. The ions of potassium cyanide 
(neglecting secondary reactions) are K' and Cy' ; and the ions of ferrous cyanide, 
Fe” and Cy, The ions of potassium ferrocyanide, on the eontrary, are K* and 
FeCy"". There are, therefore, no ions of Cy' and of Fo" in an aq. soln. of 
potassium ferrocyanide. However, the term double salt and the corresponding 
formula are employed empirically— particularly when the character of the ions has 
not been established. According to the ion theory, the physical and chemical 
properties of dil. soln. of simple salts are in many casics the sum of the properties of 
the constituent ions ; with complex salts, the physical and chemical properties — 
density, compressibility, capillarity, viscosity, refractive power, magnetic rotation, 
light absorption, colour, etc.—are usually very different from those of the ions of 
the constituent salts. In investigating the nature of a complex salt, physical and 
chemical methods may be applied, and, unless secondary changes intervene, the 
results famished by eaoh should be consistent with one another. 
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The nte of diflusioil. — In order to find if the oomponents of a double salt are 
dissociated in spin. — say, alum; K2S04.Al2(S04)3aq*^K2S04+Al2(S04)3+Aq. — 
T. Greham ^ assumed that the dissociated parts would diffuse with different velocities, 
and hp tound th^ potassium and aluminium sulphates diffused at different rates 
from an aq. sp^. of potash alum into the pure solvent. Hence, he assumed that 
alum is partiall}^ dissociated into its constituents when in aq. soln. He likewise 
inferred that the oomponents of the double sulphates of potassium and copper, and 
of potassium and magnesium, are n^^t dissociated in aq. soln. since under the same 
conditions there is no sign of any difference in the rates of diffusion of the com- 
ponents. E. Fischer and E, Schmidmer ^ determined the relative quantities of the 
components of double salts which were drawn up by capillary attraction into rolls 
of filter paper. If a double salt is dissociated a larger proportion of the more dif- 
fusible component ascends the paper. Dissociation is far more pronounced in aq. 
than in alcoholic soln. 

The specific volumes* — ^P. Kremers (1856) ^ and P. A. Favre and C. A. Valaon 
(1^73) argued that if the volume of a mixture of soln. of two salts in molecular 
proportions is equal to the sum of the volumes of the component soln. before mixing 
no double salt is formed in soln. Thus, it was inferred that potassium cupric 
sulphate does not exist as a double salt in aq. soln. and that the double salt must 
be born at the moment of crystallization. G. T. Gerlach, however, found that 
some salts behave in the converse way, and hence may be supposed to form complexes 
in aq. soln. 

" The heat of solution. — T. Graham (1844) and M. Berthelot (1883) ^ assumed that 
if the heat of soln. of a mixture of the constituents of a double salt is not equal to 
the heat of soln. of the double salt, the existence of the double salt in aq. soln. may 
be" regarded as proved. For example, there is an evolution of heat when soln. of 
the halides of mercury and of potassium or ammonium are mixed toegther, but not 
when the corresponding sulphates are mixed. Hence, a double salt is formed in 
the one case and not in the other. 

The rotation of polarized light.— Rotation of polarized light ^ is additive for 
soln. of mixtures of salts which do not form double salts, and there is a marked 
deviation from the additive law for mixtures known to form double salts. 

The mutual solubility of two salts. — Numerous investigations have been made 
on this subject in the light of the phase rule by H. W. B. Roozeboom ® and others. 
C. E. Linebarger also submitted mixtures of two salts to the action of various 
organic liquids in which one of the salts was insoluble. If both salts passed into 
soln. in a molecular ratio, it was assumed that a double salt is formed in soln. With 
a mixture of sodium and mercuric chlorides no double salt was formed with benzene 
or acetone as solvent, but with acetic ether, a salt, (HgCl2)2NaCl, was fonned ; 
similarly also with lithium and mercuric chlorides, the salt HgCl2.LiCl was formed ; 
but ho double salt was observed with potassium and mercuric chlorides in the same 
solvent. 

The lowering of the freezing point.— F. M. Raoult (1884) ® assumed that double 
salts are not formed in soln. when the lowering of the f.p. of the double salt is equal 
to the sum of the lowerings produced by the constituent salts. Thus the calculated 
value for the mixture HgCy2+2KCy is 9*50 ; the observed value for the double salt 
is 4*77. In J. H, van’t Hoff’s formula i=l +(/if — l)m, where m denotes the fractional 
ionization, m and i can be substituted in the formula, and the corresponding values 
of K computed. E, Petersen (1897-1902) used this method for the cobalt, chromium, 
and platinum ammincs. The calculation of m from the relation is uncertain, 
because at extreme dilutions one of the complexes may be decomposed, and hydro- 
lytic changes may occur. Too high a value for is also obtained if it is calculated 
as the sum of the molecular conductivities of the ions at infinite dilution. Hence, 
the value of K will be greater than that required. Values for the ratio ujr, for 
different dilutions, can be determined, and values of the transport numbers for the 
known ions introduced so as to calculate corresponding values for the complex ions 
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and for the maximum conductivity. This enables m to be calculated for fairly 
conmlex soln. when hydrolytic changes are not very marked. 

The electrical conductivity. — E. Klein showed that if there is a difference 
between the conductivity of a mixture of salts in soln. and the mean conductivities 
of the separate constituents, a double salt is probably formed. The molecular 
cbnductivity of a salt, and if possible of its components at different dilutions, has 
been employed to determine the number of component ions in a soln. ; it was used, 
for example, by A. Werner (1893-1901) with the cobalt, chromium, platinum, and 
other ammines.il Jq moderately cone. soln. the double salts are but little ionized, 
and the difference between the conductivities of eq. soln. of potassium zinc chloride, 
ZnCl 2 - 2 KCl, and of the sum of the constituents amounts to nearly 36 per cent., a 
value which is greatly in excess of that which would be due to the mutual influence 
of salts with a common ion. Tables of the molecular conductivities of salts show 
that with very few exceptions, at a dilution of 1021 litres and 25", moat salts have 
conductivities approximating those indicated in Table XIX. 

Table XIX. — Molecular Conouctivities op Salts Solutions at a Dilution op 

1024 Litres ( 25 °). 




Moleculftr coiuiuctlvitius o£ a dilution of 1024 litres, 

Numbor of ions in 

Kxainijles. 




Uie salts. 


j 




Two fast ions. 

1 One slow ion. 

Two slow ions. 

Two univalent ion? . 

KCl 

1 160 

1 

120 

86 

Three ions 

BaClj ; NajBO, 

j 310 

260 

J90 

B'our ions 

K^FoCy* 

i 480 

420 

i 380 

Five ions 

K4FeCyB 

; 640 

! 

560 

610 


The ionic mobility of the simpler ion of a complex salt is usually known, and 
the other more complex ion will have a mobility, because, as W. Ostwald has shown, 
the mobility of an ion decreases as the number of constituent atoms increases. 
For example, dinitrotetramminecobalt cliloride, [Co(NH 3 ) 4 (N 02 ) 2 lCl. furnishes two 
ions, the mobility of the chlorine ion is comparativel}'^ high, that of the other low. 

The naturo ol the ions.--In 1814, G, P. Parrsti^ found that in the electrolysis 
of aq. soln. of potassium fcrrocyanide the alkali accumulated about the negative 
polo, and ferric oxide and hydrocyanic acid about the ]iositive pole, and the work of 
J. F. Daniell and W. A. Miller, and of W. Jlittorf (1859), showed that double salts are 
of two kinds, and that in the one kind the metal is bound as a complex negative ion, 
and in the other it is the positive ion. For example, in the electrolysis of potassium 
silver cyanide, KCy.AgCy, W. llittorf (18.59) found that silver was deposited on 
the cathode, whereas with salts of the type AgNGg it is deposited on the anode. 
Hence, it was inferred that the salt ionizes KAg{jy 2 =K'+AgCy 2 ' ; similarly, 

NaaT’tCya 2 Xa- + PtCy^' ; K4FeCyo ^ IK* + FeCyo"" 

XaAuCl4 ^ Na’ + AUOI4' ; KsFeCyo^SK- -j- FoCyg"" 

In establishing the character of a complex (or a double) salt, it is necessary to deter- 
mine the nature and number of tlio constituent ions. It is usually simpler to 
determine if a given metal is in the positive or negative ion by investigating the 
changes of concentration of the liquid about the electrodes during electrolysis. 
Allowances have to be made for secondary changes. 

The physical properties of a double salt in soln. may or may not be different 
from those of a simple mixture of the constituents, because complex salts may he 
completely, partially, or not at all dissociated into their constituent salts in soln, — 
dil. or cone. In the limiting case, the physical properties will be additively those 
of their components — cora])letc dissociation— but in some cases, this is not the 
case. For instance, the solid double salt FeCl 3 . 2 KCl.H 2 O is red.’® A cone. aq. 
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Boln. of the double salt, or of an eq. mixture of the component salts, at IS"", has the 
characteristic yellow tint of ferric chloride, FeCl 3 , but at about 30® the yellow 
colour gives way to red. This is supposed to show that the double salt is not dis- 
sociated into its constituent molecules at 30®, but it is dissociated at 15®. Ferric 
chloride alone in soln. does not give the red colour at 30®. Similar remarks apply 
to many other physical properties of double salts. A complex salt might 
dissociate into its component salts under certain conditions of temperature so 
that it acts as a dissociated double salt at one temperature, and as a complex salt 
at another. 

Double salts and isomorphism. — The tendency to form, double salts is connected 
with certain differences in the character of the basic elements in the two salts. 


The sulphates of the zinc family : RSO 4 . 7 H 2 O, do not form double salts, nor do 
the sulphates of the potassium family, but there is a great tendency for a member 
of the one family to form double salts with a member of the other family. Again, 
the members of each family form a series of isomorphic mixed crystals among 
themselves, and the closer the chemical relationship the greater this tendency. 
This is shown by the continuous series of mixed crystals between zinc and magnesium 
sulphates. J. \V. Retgers even generalizes these facts, and asserts that two 
simple salts which form a continuous serie.s of mixed crystals cannot form a double 
salt, and conversely. Isomorphism and com]>ination, says he, are mutually ex- 
clusive. Potassium, rubidium, and ctesium form isomorj)hous mixtures, but not 
double salts ; potassium and sodium are not isomorphous, and they form double 
salts — e,g. Rochelle salt or Seiqnelte salt is a double potassium sodium tartrate, 
NaKCJ 4 il 4 ()o.H 20 , and Scacchi^s salt is a double sodium ammonium racemate, 
NaNIl 404 H 40 o.n 20 ‘ The sulphates and selenates are isomorphous, but they do 
not form double salts, while sodium nitrate unites witli sodium sulphate to form a 
double salt. Similarly, the fact that silver and potassium form a series of double 
salts, but silver and sodium do not, is taken to indicate a closer relationsliip between 
silver and sodium than between silver and potassium, and this is confirmed by the 
isomorphism between the nitrates and the chlorates of silver and sodium. The 
greater the electrochemical difference between tlie constituents of a scries of double 
salts, the greater the stability of tlie resulting product. For instance, the caesium 
salts are the most stable of the alkali double salts in conformity with the fact that 
caesium is the most electropositive of all the metals — F. W. Hinriclisen and E. Sachsel, 
for example, found that tlie stability of the double ferric alkali chlorides increases 
with the electropositive character of the alkali metal. No compound of sodium 
and ferric chlorides occurs between 0® and 60®, but with potassium chloride one 
double salt, FeCl3.2KCl.H2O, is formed, while cresium chloride gives two such salts : 
FeCl 3 . 2 CsCl.H 2 O and FeCl 3 . 3 CsCl.H 2 O. 

'i^he relation between the tendency of an element to form a complex and its 
position in the electrochemical series has also been emphasized by R. Abegg and 
G. Bodlander (1890) ; the tendency to form complexes increases with decreasing 
electro-affinity as measured by the decomposition potentials. The stability of a 

complex is a measure of the tendency of its constituents to eoni})ine, and this is 
assumed to be the greater, the smaller the amount of complex ionized. The com- 
plexes formed by dissolving the mercuric halides in a soln. containing a common 
anion takes place according to the reaction ; wHgX 2 +riX'— (HgX 2 )wX'w ; the 
more stable this complex, the loss will it bo ionized: (HgX 2 )y/iX'n”wriIg*’ 
“['( 2 m f-w)X'. G. Bodlander (1903) represents the stability of a complex by what he 
calls the stability constant^ which he assumes is equal to the concentration of the 
complex divided by the product of the concentrations of the component ioius raised 
to that power which, according to the law of mass action, corresponds to the number 
of single ions constituting the complex. For the above reaction, the stability 
complex is 


Stability complex 


{KgX^)rnX' 
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The stability complex of the series of mercuric salts, HgCl 2 , HgBr 2 , Hg(SCy) 2 , 
Hgl 2 , HgCy 2 , increases in the order named. 
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§ 16. Double Halides 

Different metal chlorides unite with one .mother to form double salts. Just’ hs ■ 
the acidic and basic oxides xinitc together to form oxy-salts, so do the halides of an 
electropositive element (or radicle) unite with a liafidc! of a less positive element 
(heavy metal or metalloid) to form double halides. So far as is known the alkali 
chlori<les do not unite with one another to form doxible salts, nor do the halides of 
the same natural group form compounds with one another, but compounds of the 
alkali chlorides with the chlorides of the more electronegative chlorides arc know'ii. 
A comparison of nearly 500 double halides lias been made by H. L. Wells (1901).i 
He calls the one component — c.g. the alkali halide the posUive halide, and the 
other the neqatire halide. A. Werner calls the fialide which plays the role of the basic 
oxide, tlie hoKie halide, and the otlier, the acid halhlt'.. A great many of the simple 
types of the double salts predominate. Writing the number of molecules of the 
positive halide first, and the negative halide second, salts of the 2 ; 1 and 1 : 1 ratios 
cover about 70 per cent, of the list of known double halides, and 4:1, 3 : 1, .3 : 2, 
2 : 3, and 1 : 2 represent over 23 per cent. Two halides sometimes unite in several 
proportions — for instance, six caesium mercuric halides have been reported where 
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CsCl : HgCL2=3 : 1, 2 : 1, 1 : 1, 2 : 3, 1 : 2, and 1:5; and five cjesium antimonious 
fluorides where CsF : SbP3=l : 1; 3:4, 4:7, 1:2, and 1 : 3. According to 
/. Remsen\s rule (1889) : When a halide of any element combines with a halide of 
an alkali metal to form a double salt, the number of molecules of the alkali salt 
which are added to one molecule of the other halide is never greater, and is generally 
less than the number of halogen atoms contained in the latter — for instance, in the 
double fluoride of sodium and aluminium, where the negative halide has three 
i , %orine atoms, no more than three molecules of sodium fluoride will be found 
united with one of aluminium fluoride. 

. P. Ephraim (1903) also stated that the number of molecules of alkali halide which 
can unite with a heavy metal halide is greater (i) the smaller the at. wt. of the heavy 
positive metal ; (ii) the greater the at. wt. of the negative metal ; and (iii) the smaller 
the at. wt. of the halogen. He cited in illustration the fact that vanadium (at. wt. 
51*2) forms a stable animonium salt, 3NH4F.VO2F, while the corresponding potassium, 
zinc, and copper salts are not known ; but columbium (at. wt. 93*7) forms a potassium 
salt, but not the corresponding zinc and co])per salts. P. Ephraim also showed that 
in the case of the vanadic fluoride and oxyfluoride, the number of the alkali fluoride 
radicles fixed in the molecule is determined by the at. wt. of the alkali metal or 
radicle. For example, the salts r)NH4F.VoF5 ; bNaF.Vi^Fg ; and 4KF.V2F3 ; and 
9NH4F.VOF2; 8NaF.V()F2; 7KF.VOF2, have been made, while attempts to 
make 6NaF.V2F0 have failed. H. L. Wells could find no indications dependent 
upon the positive or negative nature of the halide, and it follows that if the number 
of halogen atoms plays no part in the formation of these double salts, I. Ilemsen's 
rule cannot be valid. This is exemplified by the salts : 3C8Cl.CuCl ; 4N-H4Cl.ZnC1.2 ; 
5TII.TII3; 2K01.CuCl ; 4KClCdCl2 ; etc. It is therefore a mere accident that 
llemscn’s rule applies to so large a proportion of the known double halides. Similarly, 
the double salts with rubidium and caesium halides do not fit hjphraim’s rule. 

L, Meyer pointed out that the faculty of forming double compounds resides 
more particularly in the negative elements — i.c. the non-metals — and not in the 
positive elements — i.c. the metals. The negative elements exhibit a higher valency 
towards each other than positive elements. The affinity of a negative element or 
radicle is rarely exhausted by direct union with a positive element, and conseijuently 
these elements or radicles possess a surplus or residual affinity. The elements which 
are usually supposed to possess a feeble affinity for one another, manifest the greatest 
tendency to form double compounds. The relative stability of the halogens at 
high teni]), as well as their general properties shows tliat in the series : Chlorine, 
bromine, iodine, cyanogen ; chlorine has the greatest and cyanogen the least affinity 
for one another, and yet mercuric cyanide has a greater affinity for other cyanides 
than mercuric chloride or bromide for other chlorides or bromides respectively. 
Thus, according to J. Thomsen, the heats of formation of those compounds with the 
corresponding potassium halides in aq. soln. arc : HgCl2.2KCl, -~1'38 ; HgBr2.2KBr, 
1*64 ; Hgl2.2KI, 3*45 ; HgCy2.2KCy, 8*83 Cals. Similarly, the compound ri^lll is 
more stable than the corresponding PBrQ.HBr or PCI3.HCI. The tendency of the 
different halides to form double salts is not always that which might have been 
anticipated ; while some form typical double chlorides, bromides, and iodides, others 
form double chlorides, but not double bromides or iodides, etc. 

UnivaktU halides — NILCl.AgCl ; CsCl.CuCl ; 2KCl.CuCl ; etc. The halides 
of the alkali metals do not often unite together to form stable complexes. Uni- 
valent copper, silver, and gold form double chlorides with the alkali halides, while 
the corresponding double bromides of silver and gold and the double iodide of 
silver have not been made. The facts can be summarized in the form of a scheme 
due to P. Pfeiffer (1902), where the hyphens represent compoimds which have 
not yet been prepared : 

Cl • . • . Cu Ag Au 

Hr .... Cu — 

I . . . . Cii Ag — 
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The ammonium salts seem to form a sj)ecial series of a different type to most of the 
other salts* This is connected with the general tendency of ammonium salts to 
form complex compounds, which in turn depends upon the peculiar properties of 
nitrogen — the mercury-ammonia compounds can be cited in illustration. Similar 
remarks apply to the ferro- and ferri-cyanides, etc. 

Bivalent halides . — These halides include those of beryllium, mangesium, zinc, 
cadmium, mercury, copper, lead, tin, platinum, palladium, etc. They could be sub- 
V divided into at least two classes typified (i) by KCl,MgCl2 ; ^nd (ii) by 2KChMgCl2 k : 
2NH4Cl.CuCl2.2H2O ; etc. P. l^feiffer represents known and unknown compounds 
by the scheme : 


Cl . 

Cu 

Mg 

Zn 

ca 

Tig 

Sn 

Pb 

Mn 

Co 

Ni 

Fo P<1 

Pt 

Br . 

Cu 

Mg 

Zn 

Cd 

Hg 

Sn 

Pb 

Mn 

Co 

Ni 

-- Pd 

Pt 

I 

— 

Mg 

Zn 

Cd 

Hg 

Sn 

Pb 


Co 

-- 



Pt 


The double cupric, ferro\is, manganous, and nickelous iodides have not been pre- 
pared ; the double ferrous and niolybdenous iodides are wanting ; and the double 
iridious iodides have alone been prepared. 

Tervalent metals— -Vine halides of indium, thallium (ic), aluminium, iron (ic), 
manganese, arsenic, antimony, gold, chromium, rhodium, riitlieniiim, osmium, 
bismuth, etc., form at least three classes of salts typified by (i) 

KCl.OrClr, etc. ; (ii) 2KI.Bil3 ; etc.; and (iii) ^NaKAlR, ; ;)TlCl.FeCl3 ; etc. 
Fourteen give the double chlorides ; while tlie double bromides and iodides of 
indium, manganese, rhodium, osiniiun, and ruthenium, and the double iodides of 
iron and of chromium are wanting. P. Pfeiffer gives the setheme : 


Cl . 

A1 

In T1 Or 

Mu b 

‘0 All 

As 

Sb 

Hi 

Ru 

Ort Rh Ir 
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A1 
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Quadrivaleifit metals - This group includes ruthenium, pallaiUum, osmium, 
platinum, tin, lead, tellurium, selenium, uramiun, titanium, germanium, zirconium, 
thorium, manganese, antimony, etc. There are at least tJiree types of salts re])re- 
sented l>y (i) .PtCl4.2KCl ; (ii) a few of the type SihVBiF, nnd (iii) ZrK4.:MvF. 
Selenium gives the double bromide ; ruthenium, palladium, manganese, and anti- 
mony give the double chlorides ; while osmium, uranium, tin, titanium, and thorium 
double iodides are wanting. 

Cl . Ir Ru IM Orf Pi Sn l»b 'J'o ^ - V 'Vi I'li Mu Sb 

Br . Ir - — Os I*t Sn f'b To So IJ Ti ^J'h 

1 . Ir in. - Pb To -- - — 

Salts of the 2 ; 1 type with quadrivalent ])latinum arc s])e<'ially numerous. 

Qainquemlent meials,— K few representatives of each of the following live 
classes are known: (i) ASF5.KF; (ii) ASF5.2KF, 2PibK.TaFr, ; (iii) Nbb\.3KF ; 
(iv) PCl5.2Sn0l2, 4NH4C].SbCl5 ; (v) PCl5.Sb(:l5. 

In a general way (1) the double halides increase in stability, ease of formation, 
and variety from iodides to the fluorides ; (2) ciesium ajipears to form a more exten- 
sive series of double salts than any of the other alkali pietals, but there are exceptions, 
for potassium and ammonium magnesium chlorides are easier to make than the 
corresponding Ciesium salts ; ( 3 ) Godeffroys rule that all double salts of caesium 
are less soluble than those of the other alkali metals is true in many cases, but it is 
not invariable, because tlie 1 : 1 cjesium zinc salts are too soluble to crystallize 
readily, while the corresponding potassium and ammonium salts are not difficult 
to crystallize. ( 4 ) The tendency of the double halides with the metals of the zinc 
family — magnesium, zinc, cadmium, and mercury- -to form doul^le halides increases 
with the at. wt., but it is doubtful if the rule applies generally — as exemplified by 
the zirconium, thorium, antimoiiious, and bismuth salts. ( 5 ) The gradation in the 
water of crystallization of the double halides, says 1. Remsen, seems to increase 
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with the at. wt. of the halogen and decrease with the at. wt. of the alkali metal — 
for instance, there is generally a larger amount of water of crystallization in the 
sodium, and lithium salts, and in the iodides ; and a smaller amount in the caesium 
salts and in the fluorides. There are, however, some apparent exceptions to this 
rule. There is no evidence to show that a molecule of water of crystallization is 
eq. to an alkali halide molecule, similar to the relation supposed to subsist between 
FeS04.7H20 and FeS04(NH4)2S04.6H20. 

The main difficulty in preparing the double halides rests on the ease with which 
they are decomposed by water, and the ease with which one halogen salt is decom- 
posed by the acid of the other. Some success has been obtained in the employment 
of non-aqueous soln. for the preparation of salts which are decomposed by water. 
It is probable, too, that many of the double salts which have been reported are 
merely mixtures. For example, the so-called mixed double halides are probably 
mixtures of different double halides each containing one halogen. The evidence for 
the alleged double salt Pblo.lKI is now regarded as inadetjuate ; and generally a 
re-examination of systems in the light of the phase rule has shown that many of 
the old data are quite unreliable — ^mixtures have been reported as double salts and 
vice versd. Before the phase rule had been accepted as a guide, analyses of j)re- 
cipitates, etc., were interpreted by chemical formulio, and no other check was 
employed. The double halides are usually prepared by bringing together the halogen 
salts in a strongly acid soln. ; and the fact that they must usually be made in the 
presence of one of the halogen acids, limits the resulting product. For instance, a 
soln. containing both a bromide and a chloride would, in the presence of an excess 
of hydrochloric acid, form free hydrobromic acid and chloride only. In some 
cases the double halide can be made by bringing together the vapour of the one in 
contact with the other at a high temp. — e.g, the alkali aluminium chlorides. 

Some metal hydroxides are said to have acidic properties developed by contact 
with strongly basic hydroxides, for these acidic hydroxides — aluminium, chromium, 
lead — ^form salts only with the stronger bases. The zincates, aluminates, chromates, 
plumbatcs, etc., may be feited in illustration. Similar remarks apply to the double 
halides — aluminium chloride, for example — which form double chlorides only with 
those chlorides which have strongly marked basic or acidic properties, and, with the 
exception of the zincates, I. Kemsen argues that there is a formal analogy between 
the composition of the double halides and the oxy-salts — e.g. NaA102 is 
with NaAlCl^ ; AIPO4 with AlPCls ; KCr02 with KCrC^ ; etc. Hence, just as 
there are acidic and basic oxides, so there are acidic and basic halides. In 1826 
P. A. von Bonsdorff 2 and P. F, G. Boullay inde])cndently emphasized this idea, 
which was not favoured by the leading authorities J. von Liebig (1827) and 
J. J. Berzelius (1829). The idea was taken up by R. Hare (1840), who recognized 
the close analogy between the halides, the oxides, and the sulj>hides, so that what- 
ever be the ])Ower which makes two oxides of ox)posite chemical characters unite 
and form a neutral salt, this power also exists with the halides ; and, just as the 
acidic oxides unite with water to form hydrogen salts or acids, so do some of the 
acidic halides unite with the halide acids to form more complex acids. Compare 
the reaction : C02+H20=H2C08 with SiF4 4-2HF=Il2SiF(5 ; etc. Thus, the 
halogen acids bear the same relation to the double chlorides that water bears to 
the oxygen salts, and a halogen system of chemistry can be elaborated analogous 
with the more familiar oxygen system, which is even more striking than the analogy 
between the oxy- and the sulx)ho-salts. 

The act involved in the formation of the double halides is the same as that 
involved in the formation of the oxygen salts, and the products in the two cases are 
of the same general character ; two halogen atoms acting together in the double 
halide>s, play the same x^art as one oxygen atom in the oxygen salts. A. Naquet 
(1867) and W. Gibbs (1867) used this idea to explain the constitution of tlie double 
halides ; the latter supposed potassium in the acid salt, HF.KF or HKF2, and in the 
analogous KOH, to be tervalent, C. W. Blomatrand, in 1869, gave a more probable 
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explanation. He supposed the halogen to be tervalent, and explained the con- 
stittition of MgCla.KCl by the formula Cl.Mg.Cl : Cl.K, and of KaPtCle, by 

CL ^C 1 =C 1 -K 

Ci>Pt<;ci=a-K 

C. W. Blomstrand even assumes that three chlorine atoms can unite together 
forming a tervalent group ; . jand, with 
^^.^oompounds CuCl, 2 KCI (or CujjCl^iK^l)^ 

Cu-Cl=Cl-CI<|; |l§>Cl-( 

The hypothesis that two chlorine atoms can form a bivalent group (either , 
— CI=C1-— or — Cl— -Cl— ), was used to explain the constitution of chloroplatinic " 
acid by S. M. Jorgensen ( 1877 ), and by J. W. Mallet ( 1881 ) to explain the 
formation of the double fluorides ; and by J. F. Heyes to explain the structure 
of the double halides. In 1889 , Ira Rcmsen showed that the structure of most of 
the double halides can be explained on the hypothesis that the halogen atom has 
the power to unite with itself to form a bivalent group which can take the place 
of one oxygen atom in the oxygen salts. 

The various double halides can be regarded as complex salts derived from 
corresponding complex acids. For example, the salt KCI.AUCI3 is regarded as a 
complex salt, KAUCI4, derived from the complex acid, HAutM4 ; and 2AUCI3.KCI is 
regarded as a comjilex salt, KAuoCly, derived from the complex aeid, HAU2CI7. 

A, Werner calls these acids halofjeno-ac^ids, and the corresponding salts halogenO'SalU , 
According to his system, the chlorides : BF3KF ; CdClg.lKCl ; CuC 1 . 2 KCl, and 
PtCl4.2KCl, are graphically symbolized : 


this hypothesis, the constitutions of the 



where the halogen atoms of the basic halide are bound to the central atom, so that 
the acidic halide with the halogen atoms of the halide act as an acid anhydride. 
The names of the double halides are accordingly altered to suit the name of the 
corresponding acids—wliich may or may not have been isolated. The salt Ka^iFa 
is hence called potassiuiu fluosilicate, and the corresiiondiiig acid, HaSiF^, hydro- 
fluosilicic acid : NagAlClfl is sodium chloroaliiminate, similarly with the chloraurates, 
iodoplumbatcs, cJiIorozincates, chloromagnesates, iodohydrargyrates, etc. It is, 
however, also customary to speak of Na3AIC^l0 as the double chloride of sodium and 
aluminium, etc. According to A. Werner’s nomenclature, 1 Zu(^l5J(NH4)3 is ammo- 
nium pentachlorozinciate ; [FcCyclNaa is sodium hexacyanoferriato ; (SbCleJCs 
is cjesium hexachlorostibanatc ; and [MnFgJKo is potassium liexaHuoromanganoatc. 

A. Werner also includes the ammino-coinpounds or addition compounds of the 
halides with ammonia, and also compounds of the halides with water. Thus, the 
compounds PtCl4.2NH3 ; PtCl2-2NH3 ; and PtOl4.2H.^O are respectively symboUz^dv;, 



The mixed halogeno-salts are represented : 


Kt'» Ky Ky«- 

E. DefacqzS prepared fluo-chlorides, Huo-bromidcs, and fluo-iodides of calcium 
strontium, and barium— CaFg-CaClg ; SrEgSrClg ; CaFa-CaBr^ ; SrFg.SrBrg ; 
BaBrjs.BaFg ; etc. Compounds of iodine trichloride with the metal chlorides have 
been prepared by R. F. Wcinland and F. Schlegelmilch, and E. Filhol ; antimony 
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fluoroiodideg — (SbF5)2l and SbFsI — and bromochloridcs have been prepared by 
0 . Ruff; and compounds of the iodides with sulphur dioxide by E. Feohard. 
Compounds of metallic chlorides with phosphorus pentachloride, PCls ; i)hosj)horyl 
chloride, POCI3 ; selenium oxychloride, SeOCl.^ ; and pyroaulphuryl cliloride, 
S2O5CI2, are known. Many metal oxides and hydroxides unite with their respective 
hdogen salts to form stable and definite oxychlorides, oxybromides, and oxyiodidos. 


* iTilemsen, Amer, Chem. Journ.^ 11. 291, 1889 ; 14. 81, 1892 ; H. L. Wells, ib,, 26. 389, 
1901 ; 81. 396, 1904 ; 0. H. Hertv, ib,, 15. 81, 1893 ; 16. 490, 1894 ; 18. 200, 1890 ; H. (^rossmann, 
Ber„ 86. 1600, 2499, 1903; F. Ephraim, iK, 45. 1177, 1816, 1912 ; F. Godeffroy, ib., 9. 376, 
1876 ; P. Pfeiffer, ib., 36. 2619, 1903 ; Zeit. atwrg. Chem., 81. 191, 1902 ; A. Werner, ib., 19. 168, 
1899; H. L. Wells and H. W. Foote, Amer. Journ. Science, (4), 3. 466, 1897. 

* C. W. Blomstrand, Ch^mie der Jetzizeil, Heidelberg, 333, 1869 ; P. A. von Bonsdorff, Ann, 
Chim, Phya., (2), 34. 142, 1827 ; P. F. G. Boullay, ih., (2), 34. 336, 1827 ; J. J. Berzelius, Atnvr. 
Journ. Science, (1), 26. 183, 1834 ; R. Hare, ih., (1), 27. 61, 1834 ; S. M. Jorgensen, Joarn. prakt. 
Chem., (2), 3. 345, 1871 ; J. W. Mallet, ('hem. News, 44. 161. 1881 ; J. F. Heyes, Phil. Mag., (6), 
25. 22i, 297, 1888 ; P. P. Dch^rain, Bull. Sor. Chim., (1), 1. 85, 1859 ; A. Werner, Neuere AriJtchau- 
ungen auf dem Oebiete der anorganischen (Jliemie, Biaunsehweig, 1906; Vierteljahr. Nat. (^ea. 
Z&rich, 41. 246, 1896 ; P. Pfeiffer, ib., 31. 191, 1902 ; Bntrag zur Chemiv der Molekiilvt rbindungen, 
Zurich, 1902 ; H. L. Wells, Amer. Chem. Journ., 26. 389, HK)1 ; A. Naqiiet, Pnneipes de chirnie 
fondle lea theories modernea, Paris, 1867 ; W. Gibbs, Amer. Journ. Scienct, (2), 46. 409, 1867. 

» K. Hefacqz, Comjd. Betid., 137. 1251, HK)4 ; 138. 197, 1904; ('him. Bhys., (8), 1 

337, 1904; E. Peohard, Compt. Betid., 130. 1188, 1900; R. F. W<4nlancl and F. Schlegelnnlch, 
Zeit. anorg. Chem., 30. 134, 1902 ; E. Filhol, Journ. Pharni. Chim., 25. 431, 506, 1839 ; O. Ruff. 
H. Graf, W. Heller, and M. Knooh, Ber., 39. 4310, 1907. 


§ 16. Perhalides or Polyhalides 

When iodine is dissolved in hydriodic acid or a soln. of a metallic iodide, there is 
much evidence of chemical combination, with the formation of a periodide. 
A. Baudrimont objected to the polyiodide hypothesis of the increased solubility 
of iodine in soln. of potassium iodide, because he found that an extraction with 
carbon disulphide removed the iodine from the soln. ; but S. M. Jorgensen showed that 
this solvent failed to remove the iodine from an alcoholic soln. of potassium iodide 
and iodine in the proportion KI : I2, and an alcoholic soln, of potassium iodide 
decolorized a soln. of iodine in carbon disulphide. The hy]>othesis seemed more 
probable when, in 1877 , Q. S. Johnson isolated cubic crystals of a substance with the 
empirical formula KI3 by the slow evaporation of an aqueous-alcoholic soln. of 
iodine and potassium iodide over sulphuric acid. There is also evidence of the 
formation of analogous compounds Avith the other halides. The perhalides or 
polyhalides — usually polyiodides - -are products of the additive combination of the 
metal halides, or the halides of other radicles with the halogen, so that the positive 
acidic radicle consists of several halogen atoms. The polyiodides have been investi- 
gated more than the other polyhalides. The additive products have often a definite 
.physical form, and definite physical properties. J. J. Berzelius appears to have 
made the first polyiodide — which he called ammonium bin-iodide ; A. Geuthcr 
called these compounds poly-iodides ; and S. M. Jorgensen, super-iodid4fs. They 
have been classified 1 as 

(1) Metal periodidea — e.g, G. S. Johnson^s potassium and ammonium 
tri- iodides ; etc. 

( 2 ) lodonium periodides — e.g. C. Hartmann and V. Meyer’s diphenyl- 
iodonium iodide, (CeH5)2l2 ; ^‘Jc. 

(3) Sulphonium periodides — e.g, J. H. Kastle and H. 11 . Hill’s periodides of 
the benzene sulphonates ; etc. 

( 4 ) Periodides of the nitrogen family of elements including : 

(i) Alkylammonium bases — e.g. A. Geuther’s tetracthylammonium 
heptaiodide, N(C2H5)4l7 ; tetramethylammoniumennaiodide, N(CH3)4l9 ; etc. 
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(ii) Phiosphonmm and alkyl phosphonium bases-^-^.^^. S. M. Jorgensen’s 
tetraethyl phosphonium tri-iodide, and 0 . Masson and . 1 . B. Kirkland’s 
triethyl phosphonium periodide ; etc. 

(iii) Arsenium and alkylarsonium bases- c.r/. A. A. T. Cahour’s tetra^ 
ethylarsonium tri-iodide ; etc. 

(iv) Stibonium and alkylstibonium bases — e,g. S. M. Jorgensen’s. 

(v) Quinoline perhalide of F. W. Dafert ; the perhalides of the vegetable 
alkdoids papav^?rine,,hyosoine, atropine, hyoscyamine, of B. PelletWt /^ 
and others ; the tri-iodide of caffonium of w! A, Tildeh ; "etc. 

When a relatively small proportion of bromine is dissolved in a soln, of hydro- 
bromic acid, or a bromide, it is probable that a tribromide is formed — say HBr^ or 
EBrs* — while if the soln. be sat. with bromine still* higher bromides are formed. In 
the case of potassium bromide, for example, the soln. })robably contains unknown 
amounts of KBr, KBr3, KBr^, and may be still higher forms. In 1829 , C. Lowig 2 
noted that soln. of the alkali bromides can dissolve relatively large amounts of 
bromine, and M. Berthelot showed that cold nearly sat. soln. of the chlorides of the 
alkaline earths dissolved relatively large quantities of bromine, presumably owing 
to the formation of perbromides — c./;. BaBr4. F. Boeri(‘ke also inferred that the 
relatively high solubility of bromine in potassium bromide soln. means that most 
of the bromine exists as KBrg, although some penta- and hepta-bromide is probably 
also formed. This conclusion has been confirmed by the solubility determinations 
of F. P. Worley, and J. M. Bell and M. L. Buckley. W. Herz and W. Paul also 
obtained evidence of the formation of mercuric perbromide, HgBr4, bromoiodide, 
HgBr2l2, and chloroiodide, HgCl2T2. A. F. Josepli and J. N. Jinendradasa found 
that when a soluble bromide — of hydrogen, sodium, and potassium— is added to 
bromine water, the colour decreases until the concentration has reached normal, 
when any further addition has very little efTcct on the colour. It is therefore 
assumed that the colour, at first due to free and combined bromine, is normal when 
the whole of the bromine is combined, and this corresponds with the formation of a 
tribromide. 

Hy^Ogen perhalides. — ^The dark brown soln. which is obtained by dissolving 
iodine in hydriodic acid in aq. soln. contains an unstable hydrogen peribdide» HLlo 
or Hlg. The corresponding salts have been isolated* -as polyiodides or periodides. 
Similar remarks apply to the dark red liquid obtained by dissolving bromine in hydro- 
bromic acid hydrogen perbromidey HBrg. The heat of soln. of bromine in hydro- 
chloric acid led M. Berthelot ^ to conclude that a hydrogen chlorobromide, HClBro, 
is formed. N. R. Rjewskaja s measurements of the vap. press, of soln. of bromine 
in hydrobromic acid led to a similar conclusion, and that a certain proportion of the 
bromine is in the form of an emulsion. K, H, Biichner and B. J. Karsten found no 
mdication of any compound in the f.p. curve of liquid hydrogen bromide and 
bromine ; there is a eutectic at — 95 *^ with a mixture containing five molecules of 
bromine to one of bromide ; hence it is concluded that the hydrogen bromide and 
bromiue unite together only in the presence of ionizing solvents, notin non-ionizing 
solvents. The increased solubility of chlorine in hydrochloric acid has also led 
to the suggestion that a hydrogen perchloride, IICI3, is formed in aq. soln. corre- 
sponding to the behaviour of iodine in hydriodic aend. 

N. A. L. Millon ^ found that when lead dioxide, PbOo, is added to well-cooled 
and cone, hydrochloric acid, but little chlorine is evolved, while lead chloride, PbClg, 
and a yellow liquid are formed. The liquid slowly evolves chlorine and contains lead 
in soln. Lead dioxide is prcciyntated when water is added to the yellow liquid. It 
was therefore assumed that the liquid contains lead 'percMoridc^ PbCl4, in soln. ; and 
A’ supposed that a soln. of iodine in potassium iodide contained 'potassium 

di'-iodtde, KI2, because this soln. gives lead teira iodide, Pbl4, when treated with a 
lead salt. 

A study of the lowering of the f.p. of soln. of iodine in potassium 
iodide or other iodides of the alkalies of alkaline earths, led M. le Blanc and 
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A. A. Noyes ® to the belief that the number of molecules in the aoln. is not changed 
by the addition of more iodine because polyiodidea are formed: Ml ( 1 1 * 

Y. Osaka showed that the rise of the f.p. which occurs when iodine is added to 
hydriodic acid or to aq. soln. of potassium iodide is proportional to the amount of 
iodine added, and is greater for hydriodic acid than for the potassium salt. Hence, 
the total concentration of the ions and of unionized molecules is decreased by the 
addition of iodine. A. A. Jakowkin inferred from the partition coeH. of iodine in 
dil, so|n. that potassium tri-iodide was formed, and that with more cone. soln. still 
more complex pdfyiodides are produced. Still further, the change in the partition 
coeff. of iodine between aq. soln.“ of potassium iodide and nitrobenzene led 
H. M. Dawson and R. Gawler to infer that polyiodides as high as potassium ennea- 
iodide, KI 9 , are probably present in soln., although no such compound has been 
obtained in the solid state, H. L. Wells and H. L. Wheeler and others, however, 
have prepared several solid alkali polyiodides ; for example : 

Trihalides, — KI3 ; Hbl^ ; (^sT, ; KICl, ; C^sTClg ; Hg(l3)« ; etc. 

Pentahalides.-^Hllr^-, Csl,. ; ^(ICh^UT/) ; Na(lCh) ; Ca(ICh)3.8H20 ; ote. 

H eptahaZidea. — ■N(CH.t,CaIlr,)al7 ; N(OH3)o(C.»Fl-,)(CaHB)l7 ; etc. 

Ennaahalide 8 ,—^( 0 K^),V^ ; N(C2H6)(OH..,\l J ;^'etc. 


The tri-iodides may be regarded as salts of the pcrhalogen acids, but no hydrogen 
compound corresponding with the higher polyiodides have been obtained. 

A solvent in which iodine is very soluble is needed for the formation of the higher 
polyiodides. The lowest pol\dodidos are formed by saturating iodine soln. with 
potassium iodide, and the highest polyiodides by saturating potassium iodide soln. 
with iodine. According to F. Olivari,® the solubility of the polviodides is greatest in 
solvents with the largest dielectric constant. Thus, etlier, aniline, and the hydro- 
carbons dissolve no polyiodidc, while the nitro-liydrocarbons— -nitrobenzene, o- and 
m-nitrotoluene, m-nitroanisol, nitropentane — disvsolve relatively large quantities, 
although they do not dissolve very much iodide. The highest polyiodidc with 
ethyl alcohol, cyanide, acetate, and isobutyl alcohol is ])otassium ennea-iodide, KIg ; 
and with nitromethane, potassium hepta-iodide, KI 7 . 

The investigation of the equilibrium constant K in the reaction KI+l 2 ^Kl 3 
when 


K 


1 


IKCPa) 

[KI3J ’ 


or K — 


fVJ 


where the bracketed symbols represent concentrations in the one case according 
to the molecular and in tlie other according to the molecular hypothesis. The 
values of K Ijave been determined by A. A. Jakowkin, H. M. Dawson, W. C. Bray 
and G. M. J. McKay, and others.*^ For dil. soln. of potassium iodide at 25° the value 
of K is nearly constant, 0-(X)136 ±() C)(KK)5 ; and for cone, soln., at 25°, the valiie 
of K varies from () (K)150 to 0 *CKj() 4 (>. While for dil. soln. the constancy of K is in 
agreement with the assumption that the reaction is that postuhated above, the 
deviation of K witli the more cone. soln. is taken to show that the simple equation 
Kl 4 "l 2 ^Kl 3 no longer applies, because higher polyiodidcs are formed in agreement 
with S. Baup's observation that iodine is precipitated when a cone. soln. of iodine 
and potassium iodide is diluted with water. From the condition of equilibrium 
[KiPg]— 0*(X)136[KT3], it follows that in a soln. containing 0 00136 mol. of free 
iodine l 2 per litre, the concentration of the potassium iodide and tri-iodide will be 
the same. G. A. Linhart found for the equilibrium constants [Br 3 ']— A'i[Br'][Br 2 l, 
and [Br 5 'J=A 2 [BT;/][Br 2 ], the values 

0“ 25* 26*6* 32*G* 

. . . 19*0 161 15-9 15-5 

, . .2 08 1-23 1*20 107 

The heat of formation ; l 2 aoiid+I'aq,=Vaq. is —360 cals, at 5° ; — 


2080 cals, at 
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18® ; ancl —21780 cal$. at 65*. According to G. N. Lewis aod M. Randall, the free 
energy of formation of tn-iodidoioo I'+Iaioiid'^'V' — 12216 cals, at 25* ; for the 
trjbromide ion, Br'-J-Brj—firg'— 26247 cals. ; and for the pentahromide ion, Brj' 
-t-Br 2 =Brj' —24400 cals. G. A. Liuhart calculated for the heat of the reartimi 
Br'+Brja,, — Br^', —1290 cals , and for Br8'4-Br2aq.=Br5'— 3390 cals, from the 
equation log(«i/if/)«G(r 2 «- 2 ;i)/BriT 2 . „ , , , . , 

The specinc electrical conductivity * a of soln. Of pota^siuni iodide and of 


Concentration, n 
KI soln., K X 10* . 

Kl+Ijsoln., JSTxlO* 


lOU 

130S0 " 

11400 -4^ 


RA 

6737-5 

5930 


10 

1423 

1260 


1 

147-9 

131-7 


The lowering of the conductivity is not attributed to a change in the degree of 
ionization of the soln., but rather to the decreased mobility of the anions during the 
change from I' to I 3 '. At 25°, the mobility of the T-ion is 76 5 ; and of the Is'-ion, 
41*0, The diffusion constant of Lj'-ions, according to E. Brunner, is 0*9 per sq. cm. 
per day at 20°, that is, approximately the same as that of free iodine. When 
iodine dissolves in potassium iodide soln., W. C. Bray and G. M. J. McKay calculate 
that there is an expansion of 0*2376 c.c. per gram of iodine or 60‘31 c.c. per mol. of 
iodine per litre of soln. The colour of dil. soln. of potassium tri-iodide is yellowish- 
brown ; which with increased cone, becomes very dark blue, almost opaque, in thin 
layers dark red. 

In li. Abegg and A. Hamburger’s experiments (1900) ® a fairly cone. soln. of 
iodine in benzene was shaken with the qjkali iodide; the latter is not perceptibly 
soluble in benzene. If two solid phases — ^iodine and iodide, or two iodides- are in 
equilibrium with a soln, of definite cone, of iodine, and rnonoiodide is gradually 
added, iodine will be withdrawn from the soln., but the cone, of the iodine 
in the soln. will remain constant because iodine will be taken from the higher solid 
polyiodide until the system will contain only one solid phase. Any further addition 
of the rnonoiodide will alter the cone, of the soln. until it is reduced to such 
an extent that a lower iodide makes its apjiearance, when the cone, of the soln. 
again remains constant. Hence it is possible to find the cone, of the iodide in 
equilibrium with the rnonoiodide and a constant cone, of iodine. Similarly, by 
gradually increasing the cone, of the iodine higher polyiodides are obtained until 
the limit of saturation for iodine is reached, when iodine and the liighest attainable 
polyiodide form the two solid phases. The composition of the individual polyiodides 
is determined by analysis of the solid phases when the cone, of the iodine soln. is 
variable. 

H. W. Foote (1903) studied the equilibrium in the system, ciesium iodide, iodine, 
and water. If tliere are four phases— two solid iodides, or a solid iodide and solid 
iodine, soln., and vapour- the system will be univariant, and if the temp, and press, 
be fixed the solubility of the mixture will have one definite value for any one temp. 
Since solubility varies but slightly with variations of press., the solubilities of the 
iodides under atm. press, will not differ appreciably. Starting with a soln. of 
ca^ium iodide in water at a fixed temp., and adding sufficient iodine to combine 
with part of the ceesium iodide and form a poly iodide, the solubility will return one 
fixed value with successive additions of iodine ujatil all the ceosium iodide is con^ 
verted into the first polyiodide. With further additions of iodine, the solubility 
will change with the formation of a little of the next polyiodide, but it will preserve 
one definite fixed value as long as these two iodides are present. Hence, if the sat. 
solution retains a constant composition, it may be taken as proof that the solid 
iodides have not Qhanged in composition without regard to their relative amounts ; 
when the composition of the sat. soln. changes this may be taken as proof that one 
solid phase has changed. By suitably varying the quantities of iodine ^d csoaiinp 
iodide in;differeftfc,.^in.> and measuring the solubility of each, H, yf. Foote found 
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that^.oeeBium tri-iodide and ceesium penta-iodide are the only ciesium polyiodides 
Ulriucb. can exist in aq. soln. between 7^4® and 73®. 

B. Abegg and A. Hamburger (1^6) obtained evidence of the existence of KI 7 , 
Nl]^I|i, Bbla.'^Bbl?, Rbla, Cslg, Cslj, CSI 7 , Cslg. The tri-iodides of potassium, 
/^odi)i^';l^'dithium opuld not be obtain^, since their van. press, at 25® appears to 
■ be gi^ter'than that of iodine itself. 'The vap. press, of the solid alkali pofyiodides, 
;'V«rhqsQ; .e^i^poe has been demonstraW at .25®, is indicated in Table XX. The 
/ '^gafjvs'bbmplexes I 3 ', I 7 ', and V recall similar complexes in connection with the 

i^ali pq,ly 8 ulphides. The closer relation of potassium than sodium to rubidium is 

Txble XX*— -Vapouk Phkssukk of Solid Alkali Polyiodidks (Iodine Unity). 
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shown by the formation of a heptaiodide of potassium but not of sodium or lithium. 
The tendency of the alkali metals to form polyiodidea decreases with decreasing 
at. wt. from coesium to lithium : Cs, Rb, NH4, K, Na, Li, and the order of the 
solubility of the corresponding polyiodidea increases in the same order ; similar 
remarks apply to the solubilities of the monoiodidos in water expressed in mol. of 
salt per 1000 grms. of water : 

C8 Kb NII4 iC Na LI 

Monoiodidos . . ,2 7 7 1 11*5 8*4 11*5 12*3 

F. Ephraim found that if T denotes the absolute temp, at which the vap. press, of the 
liberated halogen is equal to one atm., then for corresponding pairs of the cfiesium 
and rubidium polyhalides, Tca/Tji(t^V12 ; and, if v denotes the at. vol., T t?* 
is the same for the two members of each series. Given the dissociation temp, of 
the caesium compound, it is possible to predict the stability of the analogous rubidium 
compound. F. Ephraim extended the rule to the potassium compounds when the 
corresponding rubidium compounds are known. 

C. K. Tinkler found that neither a0*()01iV-soln. of iodine in water, chloroform, 
or alcohol, nor a dilute aqueous soln. of potassium iodide gave any spectral absorp- 
tion bands, and only a little general absorption in the ultra-violet, the addition of 
various iodides — potassium, sodium, magnesium, barium, cadmium, aluminium, 
hydrogen, ammonium, or tetramethylammoniiim iodide — to a 0*001 iV-aq. soln. of 
iodine gave two absorption bands and a considerable general absorption. The colour 
of the solution changed from reddish-brown to yellow, and similar spectra were 
obtained, probably because all the soln. contain the same ion, viz. I3', and the tri- 
iodides of all these bases ajre accordingly assumed to exist in aq. soln. Similar 
evidence of the existence of bromoiodides corresponding with HBrT2, and of chloro- 
iodides corresponding with HCII2, was obtained by adding iodine to hydrobromic 
acid or soln. of bromides, or to hydrochloric acid, or soln. of chlorides. C. K. Tinkler 
also found similar results to obtain with the bromides and chlorides forming chloro- 

bromides. 

The R. Kremann and R. Schoulz’s f.p. curve of mixtures of iodine with up to 
50 per cent, of potassium iodide is indicated in Fig. 19, According to R. Kremann 
and R. Schouk, the curve falls from the f.p. of iodine, 113°, to a eutectic at 76° 
with 20‘&^ioL per cent, of potassium iodide ; and there is also a eutectic at 77° 
corresponding with 50 mol. per cent, of potassium iodide. The curve rises to an 
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indefinite maximum between these two points. It is inferred that the maximum 
represents a compound 2 KI. 3 I 2 , V.e. Kl 4 , in a highly dissociated state. This is au 
example of a f.p. curve, discussed by R. Kremann (1905), in which the maximum 
is very flat, and in which the eutectics solidify at about the same tfemp. owing to 
the dissociation of the compounds concerned. The pi.p. of potassium tri-iodide 
reported at 38^ is thought to be an error due to the presence of water. The f.p. 
curve does not therefore establish the existence of potassium polyiodides under 
these conditions. This, of course, does not preclude the existence of other poly- 
iodides in aq. soln. or in equilibrium with soln. 
of iodine in other solvents. F. Olivari obtained 
no indication of a periodidc in the f.p. curve 
of iodine and mercuric iodide ; and if calcium 
periodide exists under these conditions, it 
must be greatly dissociated at the m.p. C. L. 
Parsons and H. P. Corliss 12 could find no 
evidence of the formation of solid polyiodides 
in aq. alcohol soln. of iodine in potassium 
iodide, from the rise of the f.j)., the electrical 
conductivity, and dilfusion phenomena. They 
attribute the increased solubility of iodine in 
soln. of an iodide to the high solvent power 
of th(‘. dissolved solid . Similar conclusions were 
drawn by 0. L. Parsons and C. F. Whittemore, 
and by J. M. Bell and M. Ij. Buckley. Measurements of the rate of diffusion of 
soln. through agar-agar jelly give no evidence of the existence of polyiodides in 
dil. or cone, soln., because the potassium iodide and iodine diffuse ind(q)endently of 
any assumed combination between the two. 

A. Werner regards thet rihalides as addition compounds, so that the trihalide 
RICI 2 becomes [Cl.I.ClJR, dichloriodates on his system of nomenclature. The 
pentahalides are tetrachloroiodatcs analogous to the chloroaurir/tcs : 



Fro. 19. — FrcoziniT' point Curve of 
lodine-PotaHsiimi lodido. 
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A. Werner says that the hepta- and cnna-halides can be explained on the assumjition 
that the co-ordination positions are occupied by iodine molecules. '^I’he non- 
existence of the tri-chlorides, says A. Werner, “ is to be attributed to chlorine being 
unable to act as a central atom.” 

There is some doubt about the existence of sub-halides — sub-chlorides, sub- 
bromides, and sub-iodides — containing less halogen than corresponds normally 
with a monobasic acid — ^Ag 2 Cl, AgBr, etc. 
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CHAPTER XIX 

THE OXIDES AND OX Y ACIDS OF CHLORINE, BROMINE, AND IODINE 

§ 1. Chlorine Monoxide 

Nonk of the oxides of chlorine can be prepared by the direct union of the two gases, 
but several oxides liavc been prepared indirectly. They are all cndotherinal conir 
pounds. In this respect, the oxides of chlorine bear the same relation to hydrogen 
chloride that hydrogen peroxide does to water. Hydrogen chloride and water arc 
formed from their elements with the loss of energy, and cannot therefore dec*om])osc 
spontaneously back into their elements, but hydrogen peroxide and the chlorine 
oxides are form^ with an absorption of energy, and they are so unstable that they 
readily decompo8«« sjiontancously with the evolution of heat, and that sometimes 
with explosive violence. The halogen oxides are prepared by means of the so- 
called gekoppehe ReaUionen} or coupled reactions» in which the energy required for 
their formation is obtained by tlie simultaneous production of other substances 
which liberate energy during tbeir formation. 

In order that the free energy of one reacition may be available for the [)roduction 
of an endothermal compound, it is necessary that the two reactions be dependent 
on or coupled with one another. If the two reactions are independent of one another, 
the free energy of the one reaction is not utilizable by the other, and it may act 
bancfully by raising the temperature of the system. If the chemical equation 
representing the two processes can bo resolved into two independent parts, the 
reactions are not coupled--e..7. the reaction symbolized : .SHo-f 202^^^21120 +11202, 
can be resolved into the two independent processes : 2H2+(V^2H2^^ 

—H2O2, for the one reaction is not conditioned by the other. 

When chloriae acts on mercuric oxide, IlgO, brownish-yellow mercuric oxy- 
chloride, HgoOCh, and chlorine monoxide, ChO, are formed : 2HgO-l 2Cl2=^Hg20Cl2 
+0120. In his Recherches sur la mUure de.s comhinaimis decolorarUes du chlore, 
A. J. Balard 2 first described the preparation of the gas by this reaction in 1834. 
J. L. Cray Lussac filled a dry flask with dry chlorine, and introduced a test tube 
filled two-thirds with a mercuric oxide and the remainder with sand. The flask 
was closed and then well shaken. In a few minutes, the chlorine gas was converted 
into half its volume of chlorine monoxide. 

According to J. J^clouzc, chlorine monoxide is prepared l)y passing a slow current 
of cold and dry chlorine from the ajiparatus, AR, Fig. 1, tlirough a glass tube, 0, 
containing a layer of cold and dry prec-Jpitated mercuric oxide which has been 
previously heated for about an hour between and 400”. Ground-glass joints 
form the connections between C and D. The tube (\ which is about half a 
metre long, is cooled by immersion in cold water, and the issuing gas is passed 
through a U-tube, /), cooled by a freezing mixture to about —20”. The gas 
condenses in the U-tube to a reddish-brown liquid. If freshly precipitated 
mercuric oxide be used, the chlorine acts too vigorously, forming mercuric chloride 
and liberating oxygen-maybe explosively. To reduce the violence of the reaction 
J. L. Gay Lussac recommended mixing the mercuric oxide with sand, or potassium 
sulphate. If the mercuric oxide be in coarse fragments,. or if it be the crystalline 
variety prepared by the oxidation process, the reaction is too slow. According to 
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^6, Xu»ge,and P. .Naef, if the tube C contains a layer of mercuric oxide about 25 
^metareB long, the issuing gas will contain 85 to KX) per cent, of chlorine monoxide, 
and be almost free from chlorine. For demonstration purposes, V. Meyer recom- 
mends collecting the heavy gas hy the upward displacement of air. 

>TJie properti^S of chlorine monoxide* — Chlorine monoxide is a pale orange- 
yeUow gas with slight greenish tinge. Its smell is not unlike that of chlorine, but 
.'the tivo are easily distinguished. The vapours attack the eyes and mucous mem- 
branes. The vapour density determined by J. Pelouzo is 2*977, air unity; and 
licoording to K. G. Tliurnlackh and O. Schachcrl, 3*C)C>7. 1'he gas readily condenses 
to a reddish-brown liquid, which boils about o'" under 738 mm. press. Chlorine 
monoxide was found by S. Goldschmidt to boil at 3*8^ and 7G6 mm. According to 
Pelouzo, the liquid is very unstable and explodes very readily when shaken or 
qioured ; but according to S. Goldschmidt, the liquid can be kept an indelinite time, 
at — 8(y\ without decomposition. K. G. Thurnlackli, however, was able to distil 
the liquid, and he attributed the various reports of its explosibility to the yiresence 
of traces of organic matter. K. Hchafc.r (1919), and 1). Gernez (1872), have 
measured the absorption spectrum of chlorine monoxide ; the latter found that with 
layers a metre thick, the spectrum resembles that of chlorine ])eroxide with absorption 
bands in the blue, indigo, and violet. The heat of formation, ac.cording to 
J. Thomsen, is CloH G— CLO- '■17’929 Cals., and according to M. Bertlielot, —15*1 
Cals. The heat of soln. in a large 
quantity of water is 9*1 Cals, per 
mol. Both the liipiid and the gas 
arc very unstable. According 
to .1, L. Gay luissac, the gas 
dissociates explosively by raising 
its temp, by elcctri(! sjiarks, and 
by exposure to light ; but the 
last statement is denied by K. (J. 

Tliurnlackh and (t. Schaclicrl, 
who found tliat tiui gas did not 
sufTer apfireiiable decomposition 
during 1 5 minutes' exposure to the 
dirc(?t rays of the sun. One volume 
of water dissolves 2(X) voluiiK^s of 
the gas at 0 ’ i.c, about three-ipiariers of its weight. The soln. has a golden- 
yellow colour and behav(\s like an acid liypochlorous acid, HCIO. The reaction is 
symbolized \ HoO 2il()Cl. Hence clilorinc monoxide is also hypochlorous 
anhydride. Mere contact of the gas with many oxidizable substances is attended 
by a violent ri'action -c.//. with jiajier, caoutchouc, turpentine, sulphur, potassium, 
phos])horus, finely divided (‘harcioal, arsenic, antimony, and many carbon compounds, 
it reacts explosively. The metals form oxides, and chlorides or oxychlorides — silver 
forms silver chloride and free oxygen ; mercury reacts slowly forming the 
oxychloride ; arsenic forms the jientoxide and trichloride ; although finely divided 
antimony s])ontaneously ignites in the liquid or gas, a lump of antimony retains its 
metallic lustre in the lit^uid. Sulphur forms sulphur dioxide and sulphur chloride, and, 
according to A. Wurtz/ with a soln. of sulphur in sulphur chloride at 10", thionyl 
chloride, SOCh, is formed. According to P. Schiitzenberger, chlorine monoxide is 
absorbed by SUlphUT trioxide, forming red crystals of a mixed anhydride of su]])huric 
and hypochlorous acid ; when a soln. of chlorine monoxide in liquid sulphur dioxide 
is removed from the freezing mixture, chlorine is evolved, and thick red liquid is 
formed — the mixed anliydride of suljdmric and hypochlorous acid. Carbon di- 
sulphide explodes with chlorine monoxide, forming, according to P. Schiitzenberger, 
thionyl and carbonyl chlorides ; and according to A. J. Balard, carbon and sul])hur 
dioxides, sulphur chloride, and free chlorine. A mixture of chlorine monoxide and 
hydrosren detonates when a flame is applied ; and a mixture with hydrogen sulphide 
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or with ftnunonift also detonates. The gas exerts no action on nitroUS 0GKld6* 
Hydrochloric acid forms free chlorine and water : CI2O+2HCI— HgO-f 2CI2. 
Iodine absorbs the gas, forming iodic acid and iodine chloride, and, according^ to 
P. Schiitzenberger, an orange-red oxychloride, IOCI3, is formed. Phosphine 
detonates with chlorine monoxide ; carbon monoxide forms phosgene and carbon 
dioxide. Calcium phosphide catises the gas to detonate, similarly with the sulphides 
of barium, tin, antimony, and mercury. Dry calcium chloride is not attacked by 
chlorine monoxide, but with the moist salt, calcium hypochlorite, Ca(OCl)2, and 
chlorine are formed ; and if the action is ])rolonged, calcium chlorate, 0a(C103)2, is 
produced. 

iflPhe composition o! chlorine monoxide. — ^A. J. Balard and J. L. Gay Liissac 
have established the composition of chlorine monoxide. Pass a stream of chlorine, 

monoxide through a ca])illary tube with, 
say, three bulbs as indicate<l in Fig. 2. 
Heat the part of the tube just before the 
bulbs so as to decompose the gas before it 
enters the bulbs. The gas docs not explode 
in the eapillary tube. The bulbs can be 
sealed off at A, B, C, and D, and the con- 
tents of each analyzed. The exit tower is 
packed with lime and glass wool to absorb 
the excess of chlorine. The free chlorine 
in each bulb is absorbed by jiotassium 
hydroxide. The results show that two 
volumes of chlorine accomj)any everj^ one 
volume of oxygen : 2^0120—2/^(12+^02. Since, according to Avogadro’s hypo- 
thesis, equal volumes of these gases contain tlie same mimber of molecules ; and 
since both chlorine and oxygen have two-atom molecules, it follows that chlorine 
monoxide has two atoms of chlorine jier one atom of oxygen ; or the formula is 
pl2w0yo where w has yet to be determined. The vai)Our density of chlorine monoxide 
is 86 92 (H2—2). This corresponds with the molecule containing two atoms of 
chlorine and one atom of oxygen, and hence the fornuila of chlorine monoxide is 
written CI2O. 

J. L. Gay Lussac ® thou^^ht lluit lio had prepared bromine monoxide^ BrgO, by the 
analogous reaction between liromiiie an<l mereurie oxide, but. W. Diii/eer sliowed that at 
100"^ with an excess of dry inc're-urie oxi(J<>, a .solid is obtained which bleaolies like chloride 
of lime, and with an cx(;esR of broiniru* tlu* resulting soliil does not bleach. Much oxygen is 
given off in both reactions. The first-named jiroduct was supposed to contain some 
mercury hypobrornite. M<n'st mi'rourit! oxide and Imnniiuv furnish hypobroinic acid at 
about or else decomposes into oxygen ainl bromine. (Jonw'cpiently, as K. Ditz has 

omphasized, there is no satisfac^tory cviihuicc of the formation t)f bromine monoxkle, or 
hypobro}novs anhydride, Br.jO. No corresponding iodim? <;oinpound - — iodine nionox/ide or 
hypoiodous anhydride, IgO — is known. 



Fig. 2, — Charging Bulbs with decompo- 
sition jirotliiets of Odorine Monoxide. 
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§ g. The Preparation of Hypochlorous^ Hypobromous, and 
H^iodoos Acids 

The energetic action of chlorine on colouring matters which was to its discoverer fcjcheehi 
merely an inttirosting experiment became to Berthollet the basis of a new art. — A. J. Bai-ard 
(18^4). 

Bleaching has been practised from ancient times ; there are numerous allusions 
in the Scriptures to fine linen white and clean. Theophrastus (c, 3(X) b.c.) said 
that lime was employed in the operation ; and there are numerous references in 
Pliny’s TJe naturalis Jiisloria to the pre-cniinencc TYhleh white linen enjoyed ;^at 
Nero’s court, for instance, it was esteemed above all other colours, and Pliny deserined 
how the Gauls and Britons of his time conducted the operation of bleaching. The 
goods to be bleached were spread in meadows, and thereby exposed alternately 
to moist and dry heat and cold, and to light and shade, until, after a long time — 
six, seven, or even eighteen months — ^they were perfectly bleached. 0. T. Kingzett ^ 
thus describes the old ojieration : 

The goodH wore steeped in water or hot <hl. alkaline lyes, after which they w('re boileti 
in similar soln., which operation was knowmiis burkiny. This dotie, (lie goods were exposed 
to the air on the grass — crofting — ^an<l after they had been exposed sufficiently long, they 
were immersed in sour milk — souring — and the whole operations repeated as f)ften as was 
nee(»sHai*y. 

In his memoir : De nKynesia nigra, 1774, 0. W. Schcele pointed out that the 
chlorine water he discovered possessed the proiierty of bleaching vegetable colours. 
Ife said : ^ 

Paper coloured with litmus becomes nearly wdiito ; all vegetable red, blue, and yellow 
flowers likewise becoini' \vhite in a short lime ; the same thing happon.s to green vegetables. 
Meanwhile the water changes into weak but pure muriatic acid. Tht^ original colour of 
the flowers or of green vegetables could not be recovered cither by the use of acids or 
alkalies. 

In 1785, 0. Ji. Berthollet conceived the happy idea of applying C, W. Scheele’s 
discovery of the colour-destroying properties of chlorine for bleaching purposes, and 
mentioned the fact to James Watt of engineering fame. The facts were communi- 
cated by the latter to liis father-in-law, a linen bleacher in Scotland. At that time, 
the Scotch bleachers were unable to produce so good results as were obtained in 
Holland and Flanders ; and the ])est goods were shipped from Scotland to these 
countries to be bleached and returned to S(5otlaud as white linen — hoUands, J. Watt’s 
father-in-law bleached irXX) yds. of linen with chlorine water ; the results were 
surprisingly good ; but the fabric rotte<l and was spoilt. The handling of the 
chlorine was also prejudicial to the workmen. James Watt communicated an 
account of the difficulty to C. L. Berthollet, who noticed that the addition of a little 
quicklime or even calcium carbonate or magnesia to the chlorine water used for 
bleaching, removed the penetrating and objectionable smell of chlorine from the 
aq. soln. without impairing its bleaching power. Jle showed that tlie objectionable 
after effects could be avoided by the use of a solu. of chlorine in an alkaline lye ; 

, and that the soln. of the gas in potash \y^.- ^chlorinated potash- possessed great 
advantages in jiractice over the soln. of the gas in water. The alkaline liquid not 
only dissolved more gas than water alone, but it possessed a higher decolorizing 
power than an aq. soln. Manufacturers eagerly welcomed the new 2 )rocess, which 
in a few hours produced results which previously occujiied several months. The 
new process, called the Berthollean meth^, was soon adoj)ted, and chlorine jiassed, 
as A. J. Balard puts it, “ from the laboratory of the chemist to the workshoj) of the 
arts.” About this time, 1786, the new bleaching process was introduced in several 
works, and it was the sulqect of many jiatcnts.^^ In 1789 the bleaching liquor, 
known as eau de Javelle^ was manufactured at the Quai de Javellc ; and in 1820, 
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A, G. Labarraque prepared the correBponding (Marinated soda by Haturating soda 
lye witli chlorine, and this was called eon de. Labarraque, Tl)o term eau de Javelle 
is now often applied to both liquids. 

The high cost of t/he alkalies employed in the manufacture of these bleaching 
liquids militated against the extensive application of the process ; and in 1789, 
C. Tennant ^ patented the use of the much less costly lime, strontia, or baryta 
suspended in water in ])lace of the alkali lye for neutralizing the oxymuriatic 
acid.” The j)atent was invalidated because of the prior use of milk of lime by the 
Lancashire bl<‘achers for j>reparing hleaek-liqtior. In 1799, however, (\ Tennant 
obtairuMl another ]>atent for the use of rfn/ h 3 "droxides of the alkaline earths, and 
co§mienced tlie manufacture of bleaching powder by saturating dry calcium hydroxide 
with chlorine gas. Ac{*ording toJ. Mactear, in 1799-18(X), 52 tons were made at a 
price of £140 per ton ; in 1805, 147 tons at £112 ])er ton ; in 1812, 333 tons at £(K) 
per ton ; in 1825, 910 tons at £27 y)cr ton ; and in 1870, 925 tons at £8 10, s*. ])er ton. 
The output in Great Britain in 1910 was 110,000 tons ; and the world's output is 
over a (piarter million tons. 

In 1785, at the time when chlorine was thought to be a com])Ound oxymuriatic 
ackh -C. L, Berthollet ® attributed the bleaching j)rope.rtie.s possessed b}’^ a soln. oi 
chlorine in the alkaline lye to the forTuation of a salt of oxidized muriatic acid - 
a nates ojf/ghies — in the liquor, but lie was not very definite, for he added : eJle 
nc doU tire rcQue qtdavec le vague gui se froure dans la coufhinaison elle-ynhne. 
J. J. Berzelius (1828) supposed the ])roduct of the action of chlorine on alkali lye 
to he a compound of the alkali chloride and chlorate ; but in 1834, in liis Reckerehes 
sur la nature des condrinaisons (hvoloruntes du chlore.A. J. Balard sliowed that tlie 
bleaching qualities of the chlorinat(‘<l alkali lye were due, to the- presence of the alkali 
salt of a new a(*id. He said : 

'I’Uo new aci<l ih }>r(»j)CMly ht/porhlorofiH arid, a i\aine whi(‘l> reculJs iCs aiial().tj;v of 

con.stitutiqn with hy[)osiil])hurous, hy |H>j)hosj)hor(>iis, aixl oilier neids h>rni»‘(l lik«' it- of’orie 
e<j. ni Ibrir rtuiieli' and one of oxygen. Its combmations art? similarly f*alled ln/pn^ 
chlorites. 


A. .1. Balard iircpurod an aq. sotn. of tho acid, and isolated tlic anhydride- -i hlorine 
monoxide. 

The prepaiation of the hypohalous acids.- 'I'lio three liypohalous acids arc 
hypochlorons^acid, IlOt'l ; hyjiobroinou.^ acid. ilOBr; and hypoiofloiis acid, .1101. 
The work of A. A. -lakowkiu" inak<‘s it hi_ylily |)roI)ahl.‘ that a cold aq. soln. of 
chlorine decomposes, formiiiij a mixture of hydrocliloric. and hypoclilorous acids. 
A. A. Jakowkin's equat ion is : ('I, I i[,0,^H('l I HOt'l - a t>al anc.od reaction. 

This is evidenced hy the, fa(d that chlorine watm- reacts acid with litmus before 
it bleaches ; and the more volatile hypochlorous acid can be separated by distil- 
lation. However, the amounts of the two acids j)rcsoiit when the system is in 
equilibrium are. very small. W. .N'. Haworth and J. Irvine patented the prejmra- 
tioii of hyjwclilorous arid hy passiuj-; chlorine through a series of bottles contuininir 
Avatcr tot'ethe.r with a salt or oxide of copper, nickei, or cohalt to act as “ catalyst ” 
Btl to 1(K) ^jms. pel 1 o) litres , with eopjier oxychloride oijiv lO j^rms. are needi-d. 
It is claimed that the. jiroduet contains 2 jx-r cent, of hyjioeh'lorous acid which can 
he freed from the dissolved copper by luvcipitation or' distillation. If one of the 
products, say hydrochlonc, acid, be. removed from the system ; Cl., [ .HgO^HCl 
•THU(. I, the eipiililii ill in is disturbed and the reaction [iroi'ceds in the direction 
needed to re-establish cijuilibriurn. If, for example, freshly preeipitated mercuric 
oxjde, he jnesent, tlie hydrocliloric acid reacts with the mercuric oxide forming 
mercuric chloride, HjrClg, or mercuric oxychloride, IlgaOCla. ^Phe hypoclilorous 
acid is such a weak acid that it has practically no action on the me re, uric oxide 
The action of chlorine on water containing mercuric oxide is therefore renr<\sented • 
HgO-f-HaO (-2(JJ2 t— I lgCia+alKlCl, or2HgO fHgO f2Cl2~HgoO(!l.)-l-2HO(ll This 
process was employed by A. J. Balard.s The clear liquid can be distilled, the 
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hypoclilorous acid collects in the first portion of the distillate. S. Reformatzky’s 
directions for preparing the acid are : 

CliloriiK*, derivtMJ from a uiixtiiro of hydrochloric a(od and potassium hichroiuatc in a 
1500 c.c. rtask, is washed in water, and hni into a 500 e.(‘. flask containinj:^ mercuric 

oxide covered witli five times its volume of wafer. 1'ho flask is fitted with a stopptjr 
carrying an inlet tuhi* reaching nearly to the bottom, and an e.xit tube conneeb^d witii a 
fume cliamber. This flask stands in water cooled witli ice. When tiic reaction is nearly 
completed, tht^ morcurift oxide disappears. The flask is agitated periodically. The sohi. 
of hypochlorous acid mixed with mercuric oxide, etc., is distilled; the receiver should be 
conneiitod with the fume cliamlx^r. 

J, S. Stas employed silver carbonate in place of mercuric oxide : 

'|-H20‘->2AgCl +C02+2H()C1. M, Martens used the liydroxkle of zinc or copper. 
A. W. Willianxson showed in 1850 tliat if chlorine be passed through water in which 
finely divided calcium carJmnate is suspended, hypoclilorous acid and calcium 
chloride are formed, and carbon dioxide is giveii’off. The hyj)ochlorous acid can 
1)6 ifistilled from the liquid. In the cold, when there is not a large excess of calcium 
carbonate, A. Richardson showed that the reaction can be symbolized : CaCOs 
-1 •2(Jl2+ii2t)=CaCl24‘‘C02+2H0(3l. If, however, the amount of carbonate 
decomposed exceeds one part in 50 parts of water (A. W. Williamson), or if the 
soln. of hypoclilorous acid exceeds I ])er cent. HOCl (A. Richardson), «^ilcium 
chlorate begins to form — presumably by the reaction: 31IOC1 -}ICU )3 j-2I[01 ; 
etc. As the amount of calcium chloride in the soln. i/icroases the ratio of calcium 
hypochlorite to hypoclilorous acid increases. If a soln. of calcium chloride with 
the calcium carbonate in suspension be heated, calcium (‘Idorate and chloride, 
oxygen, and free (dilorine are formed — here, again, tlie hypoehlorous acid is dei^om- 
posed into oxygen and chlorine gases. A. \V. Williamson also used sec.ondary 
sodium phosphate. Similar results are obtained by treating aq. soln. of other 
salts — e.//. sodium sulphate, or ferric, zinc, manganese, copj)cr, or lead sulpliate- - 
with chlorine gas : Na 2 S 04 -f-n 20 fl-L -^-NaCd {-NallSfl^+HOCI. 

According to H. Goldschmidt, aq, soln. with 25 per cent, of hypoehlorous acid can 
be prepared by distilling a mixture of chlorine hydrate and yellow mercuric oxide 
under reduced press. Attenqils to prepare the anhy<lroiis acid by distillation in 
vacuo and (;ondensing the distillate at {)'\ — 2(y^, and — 80® give the. 25 per cent, 
acid in the first two receivers, and chlorine monoxide in the tliird vessel. Hence, 
it is argued that the aq. solti. contains the two balanced systems : JI()01 ;f^H' j 001' ; 
and 2HOOlT::r^(.^l2G+IIi»G. The latter vsysteui was investigated by determining the 
partition coefiuneiit between the aq. soln. and carlion tetrachloride. The equili* 
l)rium condition is so much in favour of the hy])Ochlorous acid that an approximately 
(.)*2W-soln, contains but 0*02 per cent. CI 2 O. The superior oxidizing ])Ower of hvjio- 
chlorites in acid as compared with alkaline soln. is said to be due to the chlorine 
nionoxide contained in the former. 

A. J. Balard,^ in 1821, also prepared liypobromous acid in a similar manner, 
namely, by the gradual addition of mcrcuric.oxide of bromine water, and thoroughly 
shaking the mixture after each addition. Further, quantities of luomine and 
mercuric oxide can bo added until the yellow fiiiitl c.outains between 6 and 7 parts 
of IIOBr per 100 c.c. The mercuric* oxide can be replaced by silver oxide, silver or 
mercuric nitrate, mercuric acetate, etc-. The solu. with fi -7 parts of llOBr per I(_K) c.c. 
de(‘,omposos at 50®, but more dil. solu. when distilled under onlinary atm. press, 
give a distillate of bromine followed by a straw-yellow fraction which is a dil. aip 
soln, of liypobromous acid. 1^he decomposition is not so pronounced if it be con- 
ducted at 40® under a press, of, say, 50 mm. of mercury. 

G. Meillere, and A. Job and J. Clarens ])repared a soln. of hypobromito, suitable 
for estimating urea in urine, by mixing eau de JanrUe witli an aq. soln. of potassium 
bromide ; and A. Fouchet mixed a soln. of 42 grms. of sodium bromide, and 8*5 grms. 
of sodium chlorate made to 100 c.c. with water, with a soln. of 5)0 c.c, of 
hydrochloric acid and 50 c.c. of water ; he then heated 30 c.c. of the first solution 
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to its b.p., added 26 o.c. of the acid soln., cooled the Boln. at onco* and added, 
while cooling, 25 c.c, of sodium hydroxide soln. 

According to R. L. Taylor, a dil. soln. of hj^oiodous acid is similarly prepared 
by shaking up a soln. of iodine with freshly precipitated mercuric oxide : HgO+2Ig; 
4'H20=Hgl2+2H0I, and filtering. A more cone. soln. is obtained by using 
finely divided iodine in suspension, and this the more the smaller the grain-size of 
the iodine ; the amount of hypoiodous acid formed also decreases as the ])roportion 
of« iodine to water increases, and as the time occupied in shaking and filtering 
increases. A mixture of two parts of precipitated iodine in 1000 patts of water, 
when shaken for about a minute with mercuric oxide, gave 4:4:''-52 per cent, of the 
p^sible amount of hypoiodous acid, and from 90-95 per cent, of the total iodine in 
tlw soln. exists as hypoiodous acid ; and 5-10 per cent, as iodic acid, and a small 
trace of mercury. K. J. R. Orton and W. J. Blackmann obtained but a small trace 
of hj’poiodous acid on shaking mercuric oxide, water, and iodine together ; the 
iodine was virtually all transformed into iodate. E. Lippmann goes so far ja-s to 
state that iodine water does not act upon mercuric oxide, but the reaction is in- 
augurated by shaking up the mixture with a little amylene. The hypoiodous acid 
immediately reacts with the latter forming iodohydrine. 0 . J. Koene prepared 
hypoiodous acid by shaking an alcoholic solution of iodine with precipitated mercuric 
oxide. The pale yellow liquid so formed is rapidly filtered through asbestos or 
through a layer of mercuric oxide ; it does not colour starch blue immediately, but 
only after standing a short time, when the li<(uid contains free iodine, mercuric 
iodide an<l iodate. It is assumed tliat hypoiodous acid is first formed : HgO +2I2 
+H20^Hgl2+2H0I, and that this irnniodiately decomposes : 5HOI— HIO^ 
-f2H20+2l2. Ac<^ording to R. L. Taylor, silver sulphate, nitrate, or carbonate 
can be substituted for mercuric oxide, and with iodine water, these salts furnish 
soln, which bleach indigo carmine soln. faster than the soln. obtained by the action 
of iodine or potash lye — ^j)robably owing to the catalytic effect of the dissolved 
silver salt. 

A hydrolysis analogous to that indicated by A. A. Jakowkin occurs if cold water 
containing a little ])ota8sium hydroxide be treated with chlorine, both acids being 
neutralized by the alkali : 

_jllO01 HOCH KOH K()(i i H2O 

H( 1 hKOH- KCi ^ 

The net result of the reaction is represented: (jl2+2K0.11^K01 ] KOOI4-H2O. 
The product is therefore a mixed soln. of the alkali chloride and hypochlorite. If 
the current of c,hlorine be led into a soln. of alkali hydroxhle. only the chloride and 
hyi)OchIorite are produced so long as some hydroxide remains uncombined, yirc- 
sumably l)ecausc the excess of hydroxide drives buck the hvdrolysivS of the hypo- 
chlorous acid: HOCl+KOH^kOCl 1 iU>, and |)revnuf,H the forjnatiou of free 
acid ; even when chlorine equivalent to all the alkali hydroxide haa been added, 
the hydrolyaia ia but aniall, and the soln. i.s fairly stable ; if, however, the current of 
chlorine be ]jrolonged, the chlorintj will be in excess, the alkali hypoeldorite will be 
hydrolyzed, and free hypochlorous acid will be formed ; the latter, being mistable, 
decomposes into chloric and hydrochloric acids ; silOCl— HCl(.);,+2H(’l ; the 
free hydrochloric acid liberates more hypocblorous acid : KO(1-f H('l— KCl -l-ilOCI, 
and this oxidizes more hypochlorite until all i.s changed to chlorate and chloride. 
The net result is that while soln. of the hyjxjchlorite with an excess of alkali are 
comparatively stable, in acid soln., there is a very slow conversion of the hypo- 
chlorite into chlorate— 3KO(Jl— 2KCH-K('10.j. Even with soln. of hypo- 
chlorite containing an exc-ess of alkali, however, there is a slow secondary or 
consecutive reaction which results in the formation of some chlorate. This 
reaction proceeds with an appreciable velocity when tlie temp, is raised to, say, 
70^; and* it is accelerated by exposme to light. The decomposition into 
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chlorate is also the more marked the greater the cone, of the soln. — e,g, with 
sodium hypochlorite : 

Per cent. NaOH in original soln. . . . 8*5 12*0 27*3 

Ratio NaOCl : NaClOj^ 1 ; 0 02 1 ; 0*07 1 : 0 00 

This is interpreted by F. Forster and F. Jorre (1899) to mean that the chlorine 
displaces hypochlorous acid from its salt : NaCl0+Cl2+H20=^NaCl+2H0(U ; 
and that the latter reacts with more hypochlorite re-forming chlorine and wd^ter, 
which thusappear to actcatalytically : 2Na0Cl+2H0Cl=NaCi+NaC103+Cl2+H20. 
Small quantities of acid act on the liypochlorite, also slowly transform tlie hypo- 
chlorite into chlorate, and the transformation into chlorate was not observed jpth 
hypochlorous acid alone. Chlorides, however, are transformed by hypochlorous 
acid into chlorates. A. J. Balard made the corresponding hypobromitc in a similar 
manner, and C. F. Schonbeiu made ammonium hypohromite by mixing bromine 
water with aq. ammonia until the soln. had a distinctly alkaline reaction. Bromine 
thus appears to play a similar role towards the alkali hydroxides as does chlorine. 
H. Kretzschmar showed that an alkali hypobromite is the first product of the reaction 
between, say, a mol. of bromine and a gram-eq. of the hydroxi<ie ; but appreciable 
quantities of bromine and the hydroxide remain uncombined, because the reaction 
does not proceed so far as with chlorine. The reaction : 2H0Br4-Na0Br».=NaBr03 
+2HBr, jjroccods nearly a hundred times as fast as the corresponding reaction with 
hypochlorites, and it occurs readily in slightly alkaline solii. because of the greater 
hydrolysis of the hypobro mites. Soln. containing not less than one-tenth an eq. 
of free alkali hydroxide, are almost as stable as hypochlorites ; with increasing cone, 
of hydroxide, the tendency to bromatc formation : 3Na0Br=NaBr03+2NaBr, 
also increases, but the consecutive reaction: 2Na0Br~~02+2NaBr, is negligibly slow. 
The reaction : 3Na0Br=:NaBr03+2NaBr, is very slow in comparison with the 
reaction : 2H0Br"f Na0Br=NaBr03+2HBr. 

Prior to C. F. Schonbein’s paper, Bdtrage zur ndhem Kennimss des Sauerstojfs 
und (ler einfaehen Salzbildner (1861), it was generally believed that iodine reacts 
instantaneously with a soln, of potassium hydroxide to form ])otassium iodate. 
C. F. Schonbein treated aq. soln. of iodine with alkali lye, and obtained a pale 
yellow liquid, with an odour recalling saffron, and which had bleaching qualities 
like the hypochlorites and hypobromites. Indigo, cochineal, and logwood colours 
are bleached, litmus is not changed. The solutions of hypoiodat.es also give a black 
precipitate on standing witJi cobalt salts ; an immediate dark brown precipitate 
with manganous salts ; a brown precipit.ate with lead salts ; and the immediate 
evolution of oxygen from hydrogen peroxide, exactly as do the hypochlorites and 
hypobromites. The liquid soon loses its colour-destroying properties, ami then 
contains a mixture of the alkali iodide and iodate. The liquid lost its bleaching 
power more quickly at a high than at a low temp., and almost instantly when boiled. 
It was therefore inferred that the formation of iodate is a reaction which occurs 
in two stages, and from the analogy between iodine and clilorine, it was assumed 
that the intermediate product is potassium hypoiudate. In the first stage : 
l2+2K0H-~Kl+KOl+H2O, and in the second stage : 3K0I=2Kl-fKI03. 
M. Berthelot noticed two distinct thermal ])henomena attending the soln. of iodine 
in potash lye : (i) there is a marked cooling elTect for about a minute, which he 
assumes is due to tbe formation of the hypoiodito : 2KOH+I2— H20-fKI+KDI ; 
and (ii) a heating effect due to the decomposition of the unstable hypoiodite into 
iodide and iodate : 3K0I=:2KI-f'KI03. 

The rapidity of the change of hypoiodites to iodates is illustrated by mixing 
50 o.c. of a ^’^^A-soln. of iodine with 50 c.c. of a normal soln. of sodium liydroxide 
at 0"". The theoretical yield would be jj^A-soln. of hypoiodite. In one minute the 
amount of hypoiodite in soln. is 5 per cent, less than the theoretical, and in two 
minutes 25 per cent. less. Less cone. soln. are a little more stable, for, a -,iV-soIn. 
of hypoiodite remained unchanged for a few minutes in a A-alkali soln. at room 
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temp. A. Schwickor's measurementa (189.5) of the velocity of the reaction : 3K0I 
-»KI(>3+K1, show that the reaction is of the second not the third order. Accordin^j 
to C. Casanova and L. Carcano, the reaction between iodine and water : H2O 
+I2^HI4-HI0, cannot be demonstrated because of the? niversiliility of the reaction, 
but if the acids are fixed by moans of an alkali, the formation of the hypoioclite is 
readily demonstrated. If a few crystals of iodine be dissolved in 10 per cent, potas* 
sium hydroxid(» soln.. and a few drops be added immediately to a soln, of manganese 
sulj^hate, a dark brown precipitate of a liigher oxide of manganese is formed ; whereas 
if the soln. of iodine in the alkali lye be boiled and then added to the manganese 
sulphate soln. » a white precipitate of manganese hydroxide is formed owing to the 
hyijpiodite having changed to the iodate. Further, if alcoliol be added to a cold 
solution of iodine in potash lye, yellow iodoform is jirecipitatecl, l)ut if the iodine 
solution has lieen previously warmed, C. M. van iJcventer and J. H, van’t Hoff 
find that the brown colour disappears and no iodoform is produced when alcohol is 
added, presumably because the first-named soln. contains a hyjioiodite, and the 
latter iodide and iodate. J. Bougault showed tliat the reaction is so rapid wuth 
sodium hydroxide that tlie formation of iodate is almost complete in a few minutes ; 
the reaction is slower if sodium carbonate is used instead of the hydroxide ; and 
with sodium hydrocarbonate no iodate can be detected even after several days, 
but the presence of liypoiodite can be readily recognized. 

According to A. Schwicker (1891), if urea is added to a freshly prejiared cone, 
soln. of iodine in potassium hydroxide, tliere is a (‘0])ious evolution of nitrogen, 
presumably by a reaction analogous witli that involved when urea is mixed with an 
alkali hypobromite. Iodine motiochloride gives a brown soln. witli water ; this does 
not at lirst- blue starch, though it gives uj) iodine to benzene ; alkaline soln. of iodine 
monocliloride colour starch blue, and redtlen benzene. ily])oiodous arid Isjirobably 
formed whicli then de<‘om])osos info iodid(» an<l iodate or iodine and hvdriodic acid. 
According to E. Leiis.sen and J . Lbwonthal,i-t lie reaction between potassium hydroxide 
and iodine is reversible: 2KOH4" I H^O, for the iodide and hypo- 
iodite so formed reai’t to rejiroduce iodine and ])ota.ssiiim hy'droxide, as well as to 
form potassium iodide and iodate: ;3K<)1 -2KI | Kl().j. This explains how 
(-■, b. Schbnbein found that the colourless liejnid obtained by the action of iodine 
on a soln. of potassium liyclroxidf ev.m wli.-n tlu- latter is in twofold excess— 
f^ives a blue colour witli starch pa.stc. Like chlorine and hroiuinc, therefore, iodine 
reacts with alkali hydroxides to form hypoiodites, and K. Kdrstcr and K. Gyr 
pTC.fei the cfjuation : f2“hKOJI?=--H01-l-K,l ; the hypoiodous acid is hj'drolvzod ; 

JIUI. very much more than the corresponding hypobromite 
or hypochlorite. (Jonsetpiently. unh^ss a consideralilc excess of the alkali 
hydroxide^ is present, the hypoiodite rapidly changes to the iodate ; 211 G I 
+KOJ ::^K103+2HI. With an exces.s of alkali hydroxide, the hypoiodite can be 
prepared free from iodate. It is also believed that liypoiodous aciil is so weak that 
It can be lonued : HIO^H +IO', as well as H10?=ir +OH', that is. hyt)oiodous 
acid 18 an amphoteric electrolyte. The conditions which favour the forntation of 
iodate are (i) an elevated temp. ; (ii) liigh cone, of iodide ; and (iii) low alkalinity of 
the soln. • 

Although hyp'ochlorous acid is formed when chlorine monoxide is dissolved in 
water: CI2O f H2O— 2HO(.T, this process of preparing the acid is highly incon- 
venient ; and no corresponding monoxide of bromine or iodine is known Ifypo- 
chlorous acid may, liowever, he obtained from its salts by the action of an acid or 
an acid salt. For instance, J. Ty Gay Lussac ’3 made a soln. of the acid by gradually 
adding sufficient 5 jier cent, nitric acid to a litre flask containing some bleaching 
powder, so as to convert about half the lime, into calcium nitrate, (!a(N03)., • the 
mam products of the reaction are cahaum nitrate, (calcium chloride, and hypochlorous 
acid. If much more nitric acid is added, some hydrochloric acid is formed by re- 
action with the calcium chloride : CaClg I ^HNOg.. 2H(Jl-fCa(N03)«, and this acid 
reacts with the hypochlorous acid producing chlorine and water: HOCl-fHCl 
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:=Cl2 “1 H2O. To avoid local super- saturation with nitric acid the liquid is constantly 
agitated during the addition of the nitric acid. The clear liquid is then distilled. 
The hypochlorous acid comes over with the first portion of tlie distillate. A sola, 
of emi de Javelle may be treated with nitric acid in a similar manner. Instead of 
using nitric acid, some other mineral acid may be used. R. Laucli recommended 
boric acid, sinc^e a very great excess must be present before any appreciable quantity 
of hydrochloric acid is liberated. 

A. J. Balard and » 1 . Kolb showed that the soln. of alkali hypochlorite or of 
bleaching powder may also he distilled with the sulphates of magnesium, zinc, 
aluminium, or other luetal which acts as a feeble base. Calcium or alkali sulphate 
and a hy})Ochlorite of the heavy metal is formed. The latter is so readily hydrolyzed 
by water that the hypochlorous acid is obtained by distilling the soln. A. W. William- 
son showed that hypochlorous acid is also formed by saturating a soln. of bleaching 
powder or baryta water with chlorine gas, passing air through the li<|uid in order 
to drive off the free chlorine, and finally distilling the liquid. Carbon dioxide 
liberates hypochlorous acid from hy|)ochloritcs and hypobromous acid from hypo- 
bromites. W. Dancer made an aq. soln. of hyj)ol)romous acid by passing carbon 
dioxide through a very dil. soln, of a hyj)ol)romit(^ and subsequently distilling the 
soln. Hypochlorous acid can be prepared in a similar manner. 1 \ T. Austen 
liberated hypochlorous acad from bleaching powder by treating it with sodium 
bicarbonate. Thus, A. Wohl and II. Schweitzer treated a soln. of 50 grms. of 
sodium bicarbonate in darkness with chlorine, until a sample of the liquid when 
warmed with l)ariura chloride, no longer gave a precipitate of barium carbonate. 
The soln, was continually stirred and cooled with ice during tlie passage of the 
gas. Solutions of the alkali carbonates also furnish hypochlorous acid when a 
current of chlorine is passe,d through tliem.^* According to T. Seliwanoff. nitrogen 
chloride can be n^garded as a tertiary amide of hypochlorous acid, and it 
furnishes this acid when treated with water. T. Seliwanoff also reported 
the formation of hypoiodous acid along with iodyl siiccinamidc, C2H4 : (00)2 • 
by the action of mercury succinamide on a dry soln. of iodine in acetic 
ether ; and in the decomposition of iodyl acetamide, CH2.CO.NHI, by an excess 
of water. The organic nitrogen iodides of K. Raschig— NI2CJI3 ; NI{CH3)2 ; 
etc. — are regarded as amides of hyj)oiodous acid ; and the iodides of the aromatic 
sulphuric acids of R. Otto and J. Troeger Cgl 1580.21 —are regarded as 

mixed anhydrides of sulphuric and hypoiodous acids. According to A. Hantzsch, 
hypoiodites arc produce(l during the hydrolysis of triazoiodide, N3I. F. D. Chatta- 
way also found hypoiodites are formed in some of the decomposition whicli nitrogen 
iodide undergoes. F. Rasciiig also noted the inteiunediate formation of hypo- 
brojnuiis acid in the reaction between bromine and dimethylaiuiiie. 

Hypocildorous acid is also formed when a mixture of air and hydrogen chloride 
is passed through strong oxidizing agents — e.g. W. Ociling used a mixture of 
potassium permanganate or magnanese dioxide and sul])huric acid. T. Fairley 
oxidized chlorine water with hydrogen peroxide : CL -J-H202 —^HOC/I, and P. Lebeaii 
oxidized chlorine water with fluorine; CL - f-Fo H2O — 2 1 IF 1 - 2110 ( 1 —ozonized 
oxygen is usually evolved by the action of the excess of fluorine on the water. 
P. Lebeau also prepared hy])obromou8 acid by the action of the fluorine and of 
bromine fluoride on bromine water. Ahd, according to F. Forster and K. Gyr, 
and A. Skrabel, a mixture of iodic and hy])oiodous acids is formed wlien dil. 
liydriodic acid is oxidized by chlorine, bromine, ozone, })otassium ])erinanganafce, 
hydrogen peroxide, etc. 
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§ 3. The Properties of the Hypohalous Acids and their Salts 

Hypochlorous, hypobromous, and hypoiodoas acids are known only in act. 
aoln. — the two former soln. are yellow in colour, the la.st is greenish or brown. 
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Hypoclilorous acid smells of the anhydride ; hypoiodous acid smells of saffron 
or iodoform when in di). soln. and of iodine in cone. soln. The heat of formation 
is Cl'f 0 4H faq.*-H()Claq. f29*93() Cals, according to J. Thomsen, or 31*6 Cals, 
according to M. Beithelot. J. Thomsen’s value for hypobromous a(*id is 26*080 
Cals. The heat of solution Cl20+aq.==^9*44 Cals, and the calculated value of 
Br20+aq*— 16*19 Cals,, the heat of formation Br2ga8+D+aq.— ^ 6*0 Cals. The 
heat of neutralization, NaOHaq.+HOClaq.— 9*98 Cals, and of NaOHaq.+HOBraq. 
=9*5 Cals. M, Berthelot gives for K20aq.+Cl20aq.==9*6 Cals. K. SchMer found 
identical absorption spectra with the alkali, barium, and ethyl hypochlorites; 
and for alkali hypobromites. The absorption spectra of hypoclilorous and hypo- 
bromous acid were also observed. W. Bray and E. L. (tonnoUy found the degree 
of hydrolysis of hypoiodous acJd in aq. soln. ; and at 25°, K, the equilibrium 
constant in l2aq.+H20---^HIO fH'+P* i« 3xl0”i3. For the increase in the free 
energy of this reaction G. N. Lewis and M. Randall found 17*1 Cals, at 2b° ; 
and for THt)ii<i+J02+pi2—PlI()aq. "23*3 Cals, at 25''; and for the free energy 
of formation of HBrO in aq. soln, —19*739 Cals. 

Cone, hypoclilorous acid smells of chlorine monoxide, an<l baa a cau.stic action on 
the skin ; when heated, it gives oil a reddish-yellow gas, while the more dil. acid at 
1(X)° gives only a little gas. Cone. soln. of hyfiochlorous acid lose much of the acid 
on warming. The soln. also decomposes slowly in darkness, more rapidly in light, 
and this the more ra[)idly the more cone, and warmer the soln. Bubbles of chlorine 
gas apjiear in the decjoinposing soln. and chloric acid, liCl()3, is formed ; according 
to A. Popper,! in sunlight, traces of pendiloric acid, HCIO4, are formed. The 
dec.omposition is very rapid in sunliglit. The rapid decomposition of hyj)Ochlorous 
acid in sunlight renders it [irobable that the a(‘>tion of light on chlorine water results 
in the formation of the hypoclilorous acid by hydrolysis : Cl2-hH20=HCl+I10Cl, 
and this is at once decomposed : 2H0Cl=2][£('H-02, so that the hydrolysis goes to 
completion, and leaves, as final products, hydrochloric acid, water, and oxygen. 
W. C. McO. Lewis found that both neutral and aq. soln. of sodium hypochlorite may 
be photochemically decomposed by the light from a mercury-vapour uviol lamp, 
tlie f)rinci])al products of decomjiosition being sodium chloride and oxygen. The 
reaction cannot be brought about with measurable velocity by means of infra-red 
rays, the effective region being that of the visilile and ultra-violet. The reaction is 
apjiroxiniately unimolecular, Na()Cl-->NaCl-f-Oi meaning that this change is slow 
while the union of the oxygen atoms is rapid since, in general, the slowest of a 
series of consecutive reactions determines the rate of the whole reaction. A soln. 
of the hypochlorite shows a marked absorption band in the ultra-violet, and the 
results favour Grotthus' law. L, Spencer further showed that the shorter the 
wave-ler^gth, other things being equal, the more effective the decomposition, that 
is, the greater the velocity constant. The temj). coelT. of the photo-reaction is 
small. TJic bleacdxiiig of linen by sodium hypochlorite is {iccelerated by exposure 
to the light of a uviol lamp rich in ultra-violet rays. 

I. Bhadiiri found that tlie deconij)osition by heat is a bimolecular reaction ; at low 
temp, the main reaction is 2NaOC]— >2NaCl--f-02, and a slight side reaction, 3NaC10 
=2NaCl4-NaC103 ; at a higher temp., the latter is the main reaction. Soln. 
containing less than 5 jxn* cent. HOCl can be distilled ; the more cone. soln. decom- 
pose into chlorine, and chloric acid, HCIO3. and oxygen : 3H()C1=II(T03+2HC1 ; 
followed by the reaction JlCl-f HOCl— TI2O+CI2, for hypoclilorous ac id is decom- 
posed by acids, and with liydrochloric acid and chlorine of both acids is set free. 
Wlien warmed, hy}>ochlorous acid not only furnishes chloric acid - HCIO3 — as 
indicated above, but it is also decomposed wdth the evolution of oxygen : 2H0C1 
— 2HCI+O2. Fairly cone. soln. of the hypochlorites decompose in a similar manner : 
3NaC10~ NaCl03-| 2Na(/b and wlien the system has become highly charged 
with chlorate, an independent side reaction sets in : 2NaC10^-^2NaCl+02. The 
evidence for this rests mainly on the observation due to I. Bhaduri (1896), that 
the amount of hypochlorite found to be decomposed after 3 hrs. heating at KK)"^ 
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decreases with increasing (*oaccnt ration until a certain miniiniitn value is rcachod, 
when tlie amount decoin})osod then increases with increasing concentration as 
shown ill the diagram. Fig. 3. M. Bertholet’s value for the lieat change is : 
3K0C1=:=KC103+2KC1 f 18 Cals. F. Ciordani has also studhui the c-onditions of 
the formation and (h‘com[)ositi<)n of sodium hypochlorit»\ 

The velocity of the formation of chlorates, bromates, and iodates re8})ectively 
from hypochlorous, hypobromous, or liypoiodous acid has l>een studied by 
A. Skrabal, K. L. C. Forster, H. Kretzsclimar, (X (riaebe, W. Bray, etc.2 F. Forster 
and P. Dolch found that at r>(F the conversion of sodium hypochlorite into chlorate 
is a reaction of the second order, ])resuinably 2NaOCl~ Na(3(L-l NaCl ; and this 
is followed by a bimolecular reaction: Na()Cl'|-Na(302 -NaCl The 

velocity constant of the first reaction is 0(HX)1() at 25'', and ()’(K)i9 at bOX while 
that of the second reaction is 0*(.K)3r> at 25^X and ()'050 at 50 \ The tenij). coefT. of 
the first reaction is 3*5, and of the second, 2*88. 

A. ykrabal lias shown that in the case of hyjioiodous acid in alkaline soln., 
inobably an alkali' hifpolri-ioditr, MI^O, is formed, which reacts like free iodine ; and 
the velocity of iodate formation is determined by the rate of reaction between the 
liypotri-iodite and the alkali by which iodide and iodate are formed. 1'he kinetic 
equation, A:[lirO]“[r |/[()ll'], based on these assumptions fits the ol)serva- 

tions of E. L. C. Forster. Wlnm the concentration of the iodine is small the reaction 

is of the second order, l)ut the reaction is sometimes of 
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the finst order. The nature of the ])roducts are dependent 
on the velo(?ity of the rea(‘tion ; the formation of the 
halogenate is accelerated by the addition of halide, and 
also of hydroxide. A. Skrabal found that tln^ 
brornite reaction with a constant concentration of liy- 
droxyl ions is of tlie second order, and he believes that 
the meelianism is analogous to that with hypoiodites, or 
that the equilibrium, IfBrO 1 H* + or 

2HBr() | BF !-H*r-^JlHr30 -t HoO, is rapidly established, 
and the observed velocity is deternuned by the decom- 
position of f^u'o or of the aJkali hypoirihroviilc, MBi^O, 
into broinhle and broinaie. The velociticis of formation 
of the halog(mat(^ from the liy})ohalogeiiite increases in 


|)assing from Iivjxm lilorous to hypobromous and to 
hypoiodoiis acids in the projxjrtion 1 : 3 X 10 ' : 3 X KJ^X 13ie vfdocitv constant. A:, 
of the reaction: 3HOV\- IKUO^ j-2JiC1, HCU ) |x at 25‘ . ^ and 

for tlie ('orresponding reaction witli liyjiobronxms acid. A’ -0*25 ; and with hy])o- 
iodous a(*id A* is very large. Still further, hypol)romous acitl, Ixung weaker than 
hypochlorous acid, is more hydrolyzed in alkaline soln., and with hypoio<l<)Us acid, 
the hydrolysis is still greater. Consequently, hy])oi()dous acid is stable only when 
the soln. are very dil., or in tlie presence of a very large excess of alkali. 

The decomposition of liyqxxdilorous acid or aq. s(i]n. of the hypoclilorites is 
particularly active in .sunlight, and in tlie ])resf*ncc of oxidizing agents; but soln, 
of alkali hypocdilorites are more sta})Ie than tJie free acid, for tliey <*a,n lie lioiled 
withoiit cleconqxisition. Aq. soln. of the ]iy])ochlorites decompose slowly with the 
evolution of oxygen even in darkness Imt J. M. KoltliolT kept solut ions two months 
in darkin'.ss without appreciable change the reaction is faster in dayligJit, and 
faster still in sunlight. According to !, J^lnuluri, l-lu* mort^ refrangible the rav's, 
the greater tlui .speed of the <lexH>mpositi()n. Tlu!r(» ajipeurs to ]>e two consecutive 
reactions: 3iVaO(3--~ NafdfJ^d 2NaCl, and 2NaOCl- :2Na(1 t-O^. The former 
prevails in the more cone. soln. of the liyjx>clilorites, the latter in the more dil. 
soln. According to H. Fonzes-Diacon, the Jave.lle e.xtracts lose very little of their 
activity if exposed to light for four month.s in deep yellow bottles. Accoiding to 
G. E. Cullen and R. S. Hubbard, soln. may be stabilized for use by the addition of 


0-5 per cent, of borax, by the addition of 1 per cent, of sodium carbonate ; or of 
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(>'2 per cent, of sodium hydroxide. The ready deconiposihility of hypoehlorous 
acid and the hypochlorites is connected with the bleaching propei-ties of these 
agents. Litmus, a soln. of indigo in suljdiuric acid, etc., are decolorized. Like 
chlorine, and other oxidizing agents, hypochlorous acid (lolours diphenylaniine blue. 
According to A. J. Halard, on electrolysis, liypochlorous acid gives no gas at the 
cathode, and at the anode it gives at first pure oxygen and later a mixture of oxygen 
and chlorin(‘. 

M. de Mailman believes that when soln. of chlorine and sodium hypochlorite 
are mixed, tlie reversible reaction can be symbolized : Ck+NaOCl |-H20^2HDC1 
“[-NaCl. Jlypo(^lilorous acid is so feeble in strength that the carbon dioxide of tlie 
air is sufficient to dis])lace the acid from hypochlorites forming carl)onates, cjj. 
P. T. Austen found a soln. of bleaching powder liberates the free acid when treated 
with sodium hytlrogen carbonate,-' NaHC'O^ ; and barium carbonate is precipitated 
from a soln. of barium hypochlorite, and hypochlorous acid remains in soln. With 
an aq. soln. of calcium Ijypochlorite, calcium carbonate is similarl}" precipitated — 
chlorine gas is also evolved and some calcium chloride remains in soln."^ Phosphoric 
acid behaves similarly. Oxalic achl is oxidized to carbon dioxide, and some 
chlorine is evolved ; sulphurous acid is similarly oxidized to sulphuric acid with 
very dil. soln. of hydrochloric acid, the free acid is obtained but with more cone, 
soln., hydrochloric, acid is oxidized to chlorine : Na0ri+2H(1--Na('l ■l'H2O-4’0l2 ; 
and similarly with dil. and cone. sul])huric. acid in tlie former case, hypochlorous 
acid is liberated, and in the latter case, remembering that chlorides are usually 
present in the. same soln., Na()(_1 |-2H2S04 -hNa(,1“-2NaHS0t -+-1120+012. 

Hypochlorous acid and aq. soln. of the hypochlorites are decomy)oscd by 
oxidizing agents: thus with silver oxide: Ag20f2H()(T^r2AgCl+H20 + 02. 
In 184 1, J. L. (ray Lussac. found tliat the addition of powdered ])yroIusite augmented 
tlie .s])oed of tlie reaction liy whicli hypochlorous acid or liyjioclilorites decompose 
into oxyg(m, etc., ajid E, Mitscherlich found an evolution of oxygen even 
at 4'\ T, Fleitmann based a jirocess for the preparation of oxygen by warming hypo- 
clilorites with nickel, cobalt, co])per, or ferric, oxide lead and bismuth peroxides are 
inactiv<^ Ac(‘.ording to R. Bdttgcr, barium peroxide docs not decompose the hypo- 
c+ilorite soln., Init it gives oJT half its oxygen. The metals by forming the oxide.s, 
act in a similar way, so that the hjqiochlorites should not be kept in contact with 
siic+i metals — copper and iron ; lead has but a slight aidion ; zinc no appreciable 
action. In Die ])reparation of oxygen by T. Fleitmann's process, a little nickel or 
cobalt nitrate soln. is added tfi water containing h>'j)ochlorous acid and the mixture 
warmed in a flask, oxygen is evolved : 2H()(1 --2TI(d f 02- Tlie cobalt salt acts as 
a catalytic agent. In illustration, 20 (*..c, of soln. of bleacliing ])0wder containing 
tlie eij. 3* 14 grins, of availal)Ic chlorine at nearly 78 ‘ gave off oxygen at the rate 
of 0*(K)18 c.c. per jninute under conditions where a similar soln. containing a little 
cobalt nitrate eq. to () (KKH)17 grm. of <‘obalt gave off 010 c.iy. of oxygen per minute. 
(Consequently, the presence of the luitalytic agent favours the reaction : 2NaOCl 
— (.)2+2Na(Jl, which ]u*oceeds without the formation of an aj>j)reciable quantity of 
the chlorate : 3Na()(4---Na(d(33 +2Na(d. The mechanism of the reaction is 

geni‘rally su})])os(hI to involve the concurrent reactions corresponding with the 
transformations of the cobalt oxide, (^02^^n ])(*roxide, (7J4O7, such that (.^04(47 
+0a()(Cl2 I The cyclic changes of the (obalt oxide during 

the catalysis of tlie reaction arc symbolizeil : (V)2():j"“X V>4()7->('o203->(.+407--> etc. 
The rcMict ion jirocecds favster in the presence of acids aiul salts with an acid redaction, 
and it proceeds more slowly in the prosenee of alkalies or of salts with an alkaline 
reaction. The speed is augmented nearly threefold per |0'^ rise of temp. Tlie 
s])eed of decomposition of the blcac^hing jiowder is that of a uniinoleciilar reaction 
such as is symbolized : (^a()(l2 ^(^aDL+O. 

(b F. .laiibert's ojolitl/ is a mixture of bleaching powder witJi one-third its weight of 
sodium peroxide compressed in t he form of briquettes, which gives off oxygen in con- 
tact with water : Ca.{(.)Cl)(U+Na202-l H20^2NaCl+Da(OH)2 + 02. When oxygen 
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is prepared by this process, bleachinj^ powder suspended in water is the usual source 
of the hypochlorous acid. In illustration of the oxidizing action of hypochlorous 
acid, in alkaline sohi,, if calcium hypochlorite or bleaching powder be boiled with a 
soln. of lead acetate or nitrate in alkaline soln. , a white precipitate of lead hydroxide 
is first deposited, this changes to yellow, orange, and finally puce*coloured lead 
cUoxide, In symbols, ?b(N63)2'f 2NaOH+NaOCl:-PbOi>+2NaNO;rf NaCl 

If basic lead acetate is used, there is no need to add the alkali hydroxide ; 
and if boiled in alkaline soln. with a manganous salt, manganese dioxide, Mn02, or 
hydrated dioxide, MnO(OH)2» will be precijutated : MnCl2+NaOCl4‘2NaOH 
=MnO(()II)2“l 3Na01. More prolonged boiling may give a green soln. of calcium 
manganatc, or a pink coloured soln. of calcium permanganate, C -a(Mn04)2. According 
to T. Fairley,*^ when ozonized air is passed through a soln. of hypochlorous acid or a 
hypochlorite, perchloric acid, HCl()4, or a perchlorate is formed ; and, according to 
C. F. Schonhein, hydrogen peroxide reduces the hyf)Ochl()rites, giving off a volume 
of oxygen eq. to twice that contained in the hypoc’hJorite : K0C14H2D2--K(3 
-fH20-|-02, and on this G. liUngc lias founded a method of evaluating hypo- 
chlorites from the volume of oxygen obtained when the samj)le is treated with an 
excess of hydrogen peroxide. When treated with sulphur, hypochlorous acid, or 
hypochlorites, furnish sulfdmr oliloride, chlorine, and sulphuric acid ; sulphur 
dioxide gives sulphuric acid and (dilorine ; hydrogen sulphide (not in excess) gives 
sulphuric acid and free clilorinc ; and carbon disulphide gives carbon dioxide, 
sulphuric and hydrochloric acids, and, according to J. O. Ritseina,^ with hyi>o- 
chlorites in alkaline soln. : 8KOC1 l-CS2-l-<iK0H--2K2S04 f K20()3+81vCI+3H20. 
F. I)i6nert and F. Wandenbulcke find that in dil. soln. sodium thiosulphate and 
hypochlorite react 2Na2So0‘3' f 5Clo-f-r)H20- -NaoS04+^HCl f ]l9S()4 I Na2S40o 
+2Na01 ; or 5Na()Cl+3N^i2S20.vK>Jl20 f Na2S406+r)Na(!l I ; 

but in the presence of acids, or even sodjum hydrocarbonate, less tliiosulphate is 
used: Na2S2Gs+4Cl2 hbILO— 2NaHS04-f 8J1C1. Selenium is oxidized, forming 
selonic and selenious acids, and chlorine. Hypochlorous acid is not decomposed by 
carbon or carbon dioxide ; nitric oxide is oxidized to nitric, ac id ; phosphorus or 
phosphine gives phosphorous and hydrochloric acids, and a little chlorine*, ; tJic 
phosphorous acids are. oxidized to phosphoric acids ; and phosphorus sulphide gives 
sulphuric, phosj)horic, and hydrochloric acads and a little chlorine. Arsenic 
inflames with hypochlorous acid, forming arsenic acid and ar>scnK; trichloride. The 
arsenites are oxidized to arsenates: K3AsU:j + Na()Cl “ K^Asl)! | NaCl, and in 
J. H. A. Penot's process ^ for estimating hyjmchlorites in terms of the. available, or 
active chlorine, a standard soln. of alkali arsenate is added to the given soln. until a 
drop of the liquid no longer colours starch and potassium iodide paper blue. This 
shows that no more available chlorine is present. J. Tj. Gay Lussac has previously 
used arsenious acid, A82O3, for tlie same jmrpose, but tlje use of the alkali salt 
prevents the escape of chlorine and is a safer process. J. IT. A. Penot's method 
is also used for bleaching powder whose commerc ial value de))erids on the j>ro- 
portion of available chlorine it contains. The amount of sodium arsenite used 
in the experiment is related with the. bleaching powder by the following equation : 
Ca(0Cl)Cl+Na3A803=Na3As044-CaCl2» and the theoretical amount of Ca(OCl)OCl 
can therefore be readily computed. 

BxAMPnK. - 20 gmis. of bleaching powder wwe Tnfl(k‘ up with water to a litre» and 
25 c.c. were titrated with ^^ffA^-staiidard sodium arBouito soln., La. a soln. of sncfi a con- 
centration that 1 c.c. corresponded with 0 00355 grm. of chlorine. After tlie addition of 
46 c.c. of the standard .sola., a drop of the liquid being lilratod givoK no coloration with 
starch and potassium iodide. Here 40 x 0*00355 =0*1 03 grm. of available chlorine was 
contained in 26 c.c. of the given soln. ; or 0*5 grms. per litre of the soln., i.e. in 20 grrns. 
of the sample. Hence tlie sample contained 32*6 per cent, of available chlorine. 

(}, Blattner studied the action of metallic oxides on the alkali hyj)ochlorites and 
on bleach liquor during 15-20 days. The oxides of cobalt, nickel, and copper 
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reduced the available chlorine of bleaching powder to chloride in 3 days ; fenio 
oxide acted more slowly ; lead and manganese oxides act very slowly ; zmc oxide 
has no appreciable action. Similar results were obtained with eatc de Lahamique, 
He also found that the stability of sodium hypochlorite soln. did not increase with 
alkalinity, concentration is alone of iin2)ortance in this respect. Dry metallic oxides 
act more slowly than the freshly precipitated moi.st oxides. The metals act like 
the oxides. Copper is very injurious to bleach liquors, iron next, lead is but slightly 
affected, and zinc not at all. B. W. Gcrland found that bleach-liquor prepared by 
Deacon’s process contains copper, and it also decomposes above 40°, much more 
rapidly than the bleach-liquor of Weldon’s process which is free from copper. The 
liquor also decomposes quickly in copjier vessels. According to A. D. White, 
hypochlorous acid ^ slowly attacks strips of tin, copper, nickel, and cobalt, giving 
off chlorine mixed with more or less oxygen ; with magnesium, hydrogen alone is 
obtained ; with iron and aluminium, a mixture of liydrogen and chlorine is formed. 
Iron is rajiidly oxidized to ferric oxide, tin and copper form oxychlorides. 
H. P. Pearson found lead is acted upon almost as f[uickly as lead oxide, forming a 
brown lead dioxide. The evolution of hydrogen from inagnesium and aluminium 
form so powerful an oxidizing agent as hypochlorous acid is noteworthy. When 
an excess of mercury is shaken with an aq. soln. of hypochlorous acid, a lirownish- 
yellow precipitate of mercuric oxychloride, IJgO.HgCL, is formed ; this is dc(;om- 
j)Osed by dil. hydrochloric acid, and mercuric chloride passes into soln. With 
chlorine water, mercuiy gives a white precipitate of mercurous chloride, HgCl, 
insoluble in dil. hydrochloric acid. Hence, the reaction can be used to distinguish 
between and even to determine quantitatively hypochlorous acid in the presence 
of free chlorine in soln., and it fornis the so-called W, W oilers' Both chlorine 

water and hypochlorous acid fonfi a precipitate when the soln. is shaken uj) with 
mercury until a drop of the liquid no longer colours starch and potassium iodide 
2>apcr blue. The 2>f^cipitate can be filtered off, washed, and treated with a slight 
excess of dil. hydrochloric acid. The mercuric chloride which passes into soln. 
can be detected by hydrogen sulphide, and its presence indicates hypochlorous 
acid ; the insoluble mercurous chloride represents the free chlorine. The mercurous 
chloride can l)e decoin])osed by boiling it with a soln. of sodium hydroxide. The 
filtrate when acidified with nitric acid and treated with silver nitrate soln., gives 
a [irecipitato of silver cliloride. Hypochlorites behave dilferently from the free 
acid ill that with mercury they form mercuric oxide and a soluble chloride : 
Ilg f-NaOC'l ~HgO i'NaOI. The hyjiochlorites have no action on gold or 
platinum ; silver is slowly converted into the chloride, and, according to 
L. Soubciran, a trace of silver oxide is simultaneously formed if finely divided 
silver is used; but, according to A, d, Balard, silver oxide decomposes the 
hypochlorites with the evolution of oxygen as indicated above. 

The metal sulphides are converted into sulphates : CaS-f-4Ca(OCl)Cl— CaSO^ 
+4CaCl2 ; thiosulphates are oxidized to sulphates ; Na2S203d-4NaOCl+H20 
— 2NaHS04+4JM'a01, and the lower oxides or salts of the metals are oxidized, e,g. 
ferrous salts arc oxidized to ferric salts : 2FeS04+HC104*H2S04"-=Fe2(S04)3 
+HOI+H2O, so that by adding a known amount of ferrous salt to the given 
soln., the excess which remains unoxidized can be determined by titration with a 
standard soln. of potassium permanganate, or bichromate. The hyiiochlorites are 
transformed into chlorides by reducing agents zinc and sul])liuric acids. Iodine 
and the iodine chlorides form iodic acid and free chlorine, hydriodic acid is oxidized 
to iodic acid ; bromine forms bromic, acid and free bromine ; hydrobromic acid is 
oxidized to bromic acid. Hydrochloric acid and hypochlorous acid, below 2° or 
3°, form (‘hlorine hydrate. Aq. ammonia and hyijochlorous acid give nitrogen 
chloride, free nitrogen, and chlorine. 

According to A. J. Balard, hypochlorous acid produces some chloric acid 
with, the alkali chlorides ; F, Forster and F. Jorre say that hypochlorous acid and 
alkali chloride form alkali chlorate : 3H0Cl+NaCl=NaCi03+3llCl, and free 
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chlorine: HOCl+HGl— H2O+CI2. According fco F. von Tiescnholt, there is a 
reversible reaction: NaCl+HO(^l^NaOH-f'Cl2, and with 2 or 3 grins, of anhydrous 
calcium chloride dissolved in the smallest possible quantity of hyj)Ochloroiis acid, 
there is an energetic development of chlorine, and a formation of calcium hydroxide ; 
some chlorate is formed at the same time. According to J. L. Gay Liissac, hypo- 
chlorous acid at about 1 W attacks metal chlorides with the evolution of clilor ino and 
oxygen, and the formation of chlorates ; according to A. W. Williamson and J. Kolb, 
the metal chlorides are not attacked in the cold, and on warming the chlorates are 
formed. Ilypochlorous acid precipitates the higher oxides from the chlorides of 
manganese, tin, lead, iron, (‘obalt, and nickel ; and copper oxychloride from cupric 
chloride. Silver chloride decomposes the acid catalytically. 

According to E. and B. Klimenko,^^ each mol. of hypochlorous aci<l in the pn‘scnce 
of potassium iodide and hydrochloric acid furnishes two gram-atoms of free iodine ; 
without the hydrochloric acid, one gram-atom of iodine ; and, according to T. Seli- 
wanofT, the alkali iodide furnishes the alkali liydroxide and iodine, and there is a 
reversible reaction bc.tween tlie iodine and alkali hydroxide. G. Lunge and 
H. Schap])i represent the reaction hy the equation : HOCl (-21^1 ~ K(.1+l2 fKGH ; 
accompanied by the slow reversible cluinge : 6KOH t-MIo --r)Kl t-Kl();3-[-3fT20 ; 
in the ])rescnce of hydrochloric acid, they represent the reaction : 2KI I IlOCl 
2KC1 |-I2-|“H20 ; and in the presence of cldorine : 2KJ -f CI2 t-UCK -2KC1 
HCl, without a change in tlic acidity of tlm soln. ('onse(j|uentIy, hy adding a 
definite quantity of iV-H(-l and ])otassiuni iodide, and titrating the separated iodiiu) 
with Y\yiV-Na2S203,and the excess of acid with baryta soln., it is possible to determine 
hypocliloroiis acid and chlorine in the presence of one another. Ai^cording to 
A. J. Balard, mercurous nitrate, llgNO:}, is rajidly transformed into insoluble red 
oxychloride, and .the supernatant liquid rapidly loses its bleaiiiing qualities ajid 
forms mercuric chloride. Silver nitrate sola. ap]a‘ars to form silver Jiypoehlorito, 
Na0Cl+AgN03=:Ag0Cl-|’NaN()‘} ; and this is immediately ( onverted into a 
mixture of insoluble silver chloride and soluble silver chlorate : 3AgO(1 . Agf'lO^ 
~l-2AgC1. As a result, one-third of the total chlorine is pre(U})itated as silver chloride. 

Jlypof'hlorous acid decomposes oxalic acid, cyanogen, cyanides, paper, and 
many other organic conqiounds. It reacts with th(* double ethylene bond, r.f/. 
ethylene, CH2:CH2, forming gdyeul monocJilorhvdihi, (dLGH.CH.jCb Jly])o- 
chlorous acid and the hypochlorites are regarded as imj)ortant chlorinating agents 
in organic chemistry. J. von Jjie])ig,*“ for example, show^ed tliat it converted ethyl 
alcohol or acetone into chloroform, CIKij. ft do(\s not do so with methyl alcohol. 
The carbinol group is oxidized to formic, acid : ICJlr^OH I lbCa(0(;l)(.T KlCuCTj 
-| 3(H(JOO)2C^a"f 81120 |-2(JH(.13. A . Cofman found that hypoiodous arid gives 
stable iodo-compounds almost instantly when treat(‘d with a phenol ; matlu^r 
free iodine nor any oilier iodine rompound acts in this wav, and lu'. uses it as 
a means of voluim^trically determining the amount of this aehb 

The reactions of the hypobromites are closely analogous with those of the 
hypochlorites, both in their mode of formation and in otlier reactions. The hypo- 
ioditc.s also are similar, but they are extremely unstable, rapiflly derojiqiosing on 
warming into iodides and iodates. For example, hypobromous arid deiannposes 
above 6(f into bromine and liydrobromie acid, and if silver nitrate' is present, 
silver liromate, AgBrGo, crystullizes out. With silver oxide, AgoO. oxygen is 
ileveloped the solution becomes colourless, and silver bromi<le, AgBr, is ])recipitated. 
The hyiiochlorites or hyiioluomites serve as oxidizing agents for urea and ammonium 
salts. The latter are decomposed by a reaction symbolized by : 2NH4(3 b3NaOBr 
=':^3lSiaBr-|'*2HCl-4“2H20“bN2- The volume of tlie nitrogen so olitai ned serves 
as a measure of the amount of ammonium chloride in the soln. ; when bleaching 
powder is boiled with ammonia or an ammonium salt, a similar reaction occurs : 
2NH3-l”3Ca(G(3)Cl-“«3ir2G Hypoiodous acid rapidly diM.omposes 

into iodine and iodic acid ; the detjomyiosition is accelerated by the addition of 
iodides, by decreasing tlie concentration of acids in the soln., and by reducing 
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agepts. When warmed with silver nitrate the iodide and iodate are formed. 
Hypoiodous acid in pjesence of an exeess of alkali, bleaches indigo soin. more 
strongly than chlorine or hy})ochlorous acid. Freti hypoclilorons acid is a 
comparatively foebhi oxidizing agent in eonipansf>n with its salts, for the ijidigo 
is bleached only after it has lieen in contact witli the free acid for a long time, 
but it is bleaclied irinru'diately wJien a little alkali has heen added to tlie. acid, 
Soln. of hy})oiodous acid to wliieli a little free alkali has been added give a 
brownish-black })recipitate with cobalt salts, a brown [>recipitate with manganous 
salts, a biifl-eoloured j)reci]>itate with silver nitrate. 

Constitution. — lTy])0(hIoroiis acid, JIO( 4 . is a very weak acid despite the 
presences of the non-metal chloiine, which gives to hydrochloric acid, H(>l, such 
])owerful acidic pro})erties. D. Vorland(U‘,**''^ therefore, assumed that the constitution 
is not H.Cl : (), since such an acid wmuhl have a strength comparable with that of 
}jydro<;hloric acid ; he considers that the chlorine r>f h} pochloroiis ac id is polyvalent 
and unsaturated, and accordingly writes the formula HD.(* 1 . This, says lie, is in 
accord witli (i) its fecdjle acidic properties; (ii) its ready oxidizibility to chloric 
acid ; and (iii) the ease with which it is decom|)ose(l — ]jarticularly into Cl and OJI. 
The relation between water. liy])ochlorous acid, and chlorine monoxide is graphically 
shown by the formula : 


H 

if 




winter. 


.(> 


IT. 

llypocliloious acid. 


CJ 

Cl 


>0 


Chlorine monoxhie. 


J. Stieglitz has pointed out that in A. A. Jakowkin's reaction: Ch--[-H20^H0CI 
+ 11 * [ fT, ])art of tlie hy])Ochlorous acid must form })ositive chlorine and negative 
chlorine ions in onhu* to produce tlie muitral molecules CI2 and H^O, The ionization 
of hypochlorous acid — -as an acid — will be ; and as a J>ase, 

]f(.)('|^n()'-j-(.'l‘. Tlicre is also evidence that not only can hyi)ochlorou 8 act as a 
weak acifl, but it can also act as a weak base. IMie basic properties of hypochlorous 
acid are illustrati'd by t he iodoso- and iodonium eom])Ounds.^® 

E. J. Muller argues that the alkali liypoidilorites are mixed salts of the formula 
M.^OCIoj from (i) the similarity of the reactions between calcium 

hy])Oclilorite. CaO(l2' the alkali hypochlorites ; (ii) the decomposition of 
cahiium hypochlorite by sodium carbonate : CaCX'lo+Na.+Ojj — {‘aCT)3-l*Na2()Cl2 ; 
and (iii) the action of sulphuric acid on hypochlorite is more of the character : 
Na2()('l2 |-Xl2^D4- -Na^SO^-fCloH HoO, than is the case on the assumption that 

sodium hypochlorite is constituted Na, 0 .(Jl. K. Schafer prefers the formula Na<^j. 

Uses.— The liypoclilorites and bleacliing powder arc used extensively for bleaching 
cotton, linen, paj^er, ])ul]), etc, The.y are used as disinfecting agents — sewage, 
j)uriric.atioii of water, etc. A soln. with 10 per cent, of available idilorinc is said to 
be as effective as phenol. Soln. of hy])ochlorites — with their alkalinity neutralized 
with boric acid— have been used siuu-essfully in treating w-ounds. Ily])ochIorites 
are also used as oxidizing and (‘-hlorinating agents in organic clieuiistiy.^^ 
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§ 4. Bleaching Powder 

filoaohiuf; powder htw been the subject of nuinberh'sa reseai'ebes made with the object 
of arriving at its constitution, and it may bo said tiiat in spite of all these elforts, there is 
no other substance of equally simple composition regarding ^vhose nature and composition 
so much doubt prevails.' — K. von Mkykb (1889). 

lu 1815, L. (}. (xillinrt ^ noticed that tlioronghJy dried cnliduin oxide or hydroxide 
does not react chemically witli dry chlorijie, and'similarly, in 1871), ,1. K. Weisberg 
showed that the same remark applies to dry barium or strontium oxide. The case 
Ls very different if moisture be present. With barium hydroxide two gram-atoms of 
chlorine are absorbed per gram-atom of tlie bivalent barium, and barium chloride 
and chlorate are produced so that if barium hypochlorite is formed as the first 
product of the reaction, it is immediately dccom])osed : 3Ba(0Cl)2=^^Ba(( 1103)2 
-f 2BaCl2 ; with calcium and strontium hydroxides, the reaction ai)pear8 to be much 
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more complex, and probably also with barium hydioxide under conditions where the 
hypochlorite is not immediately decomposed.'^ The powder obtained by the action 
ot chlorine on moistened slaked lime is called bleaching powder, chloride of lime, 
chlo'rinaicd lime, chlorure de chaux, ChlorkulJc, Bleickkalk, Bleiclipulver, etc. While 
quicklime absorbs very little chlorine, J. J. Welter, A. Morin, and J. Dalton 3 
showed that lime slaked with about half a mol. of water per mol. of lime absorbs 
about 32 per cent, of chlorine, and much more if more w^ater is present. By carefully 
regulating the amount of water, G. Lunge and H. Schappi (1880) pre})ared a sample 
of bleaching powder with 43*4 jjer cent., and H. Ditz, one with 48-74 per cent, of 
active chlorine. In the latter case, a little water w^as added to the chlorinated lime 
and the product again exposed to the action of the chlorine. The^e operations were 
repeated a number of times until the lime was saturated. G. Lunge ^ gives the 
following analysis of a good sample of bleaching powder : 


UiiTiMATJfl Analysis. 


Calcttlatku Promtxate 

(.\)Ml»OSlTION. 

Lime, CaO , . . . 

39*89 

2Ca()( Ij.llaO . 


. 82*65 

Available chlorine 

43*13 

CaCOg 


. 0*95 

Chlorine as chloride 

0*29 

CaC4 


. 0*44 

Water, li^O , . . . 

17*00 

Ca(OH)a . 


. 6*80 

Carbon dioxide . . , . 

0 42 

H 3 O 


. 9*10 


with but a trace of chlorine as calcium chlorate. According to A. G. Labarraque,^ 
the rate of absorption of chlorine is hastened if the (calcium hydroxide is mixed 
with about 5 per cent, of sodium, potassium, or barium chlorides or sulphates. The 
absorption of chlorine is accompanied by a rise of temp. ; by rapidly saturating 
lime wdth chlorine, A. Morin found the temp, rose to n9‘\ and most of the 
hypochlorite was (jonverted into chlorate and chloride. 

The manufacture of bleaching powder.— Bleaching powder is n»ade on a largo scale 
by tile action of chlorine on slaked lirno, Ca(OH) 8 . 'fhe lime is a« pure as possible, and, 
aftc^r being sieved, is spread in 3 - or t-ineli layers on perforated shelves in a large chamber, 
and then raked into furrows. Chlorine is leil through the chambers. At first the absorp- 
tion of chlorine is rapid, but it afterwards slows down. The lime is then turned over from 
tini*' to time so as to expose fresh surfaces. After standing for 12 to 24 hours a shower of 
fine dust lime is blown into the chamber to absorb the, ex('ess of chlorine. The chlorine 
used should be cool and dry, and as free as ])ossibIe from liydrogen chloride and carbon 
(lioxide. Sincfi the proportion of woisivre in the system largely determines the percentage 
amount of available chlorine in the product, it is simplest to work with dry chlorine, and use 
lime with about 28 ])er cent, ot moisturo. G. Lunge and H. Sebiippi ® found that dry 
clilorine with lime containing different proportions of moistui’o gave bleaching powders 
with different amounts of available chlorine : 

Moisture in Umo . . 6*5 13 <) 24 0 27*8 28*2 31*8 per cent. 

Available chlorine . . IPl 32*3 40*7 43 *4 40*4 36*8 „ 

Hence the proportion of available chlorine increases as the proportion of w’Rter incTCUses, 
and roaches a maximum when the lime contains 27*8 }>or oc'iit. of w^ater ; any furthei 
iiu;roaso in the }>roportion of water lessens the proportion of available chlorine. The 
ttmperaiure of the lime in the chambers is kept betw^con 30® and 40®, since the amount of 
active chlorine in the product is reduced if the temp, is above or below those limits. For 
example ; 

Temp. . . . -17® 0® 21® 30® 40® 45® 60® 90® 

Active chlorine . . 2*3 10*9 35*5 40*1 41*2 40*5 39*4 4*3 

The process just described refers to the cone, chlorine of Wehlon’s or the electrolytic pro- 
cess ; fur the more dil. chlorine of Deacon's process, tlu' gas a<*ts loss energetically, and the 
lime is mechanically carried in a direction opposite to the wtrtmm of gas, so that the. bicindiiiig 
powtler c<^mos in contact with the fresh gas entering the chamber, and the gas wdiich is 
almost exhausted ct)mes in contact with fresh lime. Tiie j)roduct is satisfoctoiy if it 
contains between 37 and 39 per cent, of available chlorine. The yield of bleac'hing 2 j)OW'dcr 
is about 1 J times the weight of lime used. The powder is packed for storage and transport 
in hard wooden casks or mild steel drums, wdlh lids not hernK’.tically sealed, so as to pnwent 
the vessels bursting explosively should the bleaching 2 )OW*der slowdy decompose with the 
evolution of oxygen ; 2 Ca(OCl)CL=^ 2 CaCla-|-Oj.. 
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The properties o! bleaching powder. — A great many of the praperties of 
bleaching powder, and partiiiularly of the aq. soln., run parallel with those of typical 
hypochlorites. Bleaching powder is a white pulverulent mass wliich on exposure 
to air attracts moisture and carbon dioxide, and forms a pasty mass. It has a 
peculiar smell, unlike that of chlorine ; the smell, says C. A. Winkler,^ cannot be due 
to hypochlorous acid, because it is present after boiling soln. with an excess of 
alkaU, and cooling in an atm. free from carbon dioxide ; but P. T. Austen has 
shown that alkaline soln. may contain the free acid. Bleaching powder slowly 
decomposes even in the absence of air, as is evident by the explosions which have 
been reported of bleaching powder confined in closed vessels.® The decomposition 
is faster if the powder be exposed to air, heat, and light. The powder does not keep 
so long in warehouses in India as it does in Europe, and the loss is greater in the 
summer than in the winter months. The shaking which occurs during transport 
also makes the powder decompose more quickly than if it is lying quietly in a dark 
dry place ; and consequently, the strength of the powder in available chlorine is 
guaranteed only at the port of shipment. J. Pattinson® has examined the loss 
which occurs on storage, and found the active chlorine decreased from about 5 to 
10 per cent, during a year’s storage. According to G. ()pl,i® if bleaching powder is 
mixed with an equal weight of dried calcium chloride, it loses up to 60 per cent, of 
its available chlorine if kept two days in darkness. L. M. Bullier and L. Maqiienne 
made an intimate mixture of 60 parts of the bleaching powder with 40 parts of 
Glauber's salt, and the resulting mixture of sodium hypochlorite and calcium sulphate 
was found to be very stable. 

According to G. Lunge and H. Schappi,ii moist air at 80"^ dej)rivevS bleaching 
powder of much of its oxygen, but not of chlorine — calcium chloride and chlorate 
are formed ; air also deprives the powder of oxygen. Air free from carbon 
dioxide sweeps out a little hypochlorous acid from a soln. of bleaching powder ; 
this acid is derived from the hydrolysis of the hypochlorite ; ordinary moist 
air (containing carbon dioxide) first liberates from solid bleaching powder a mixture 
of chlorine and hypochlorous acid, and afterwards chlorine. In aq. soln. the 
action is similar. I'he carbon dioxide in the air smites with free lime, and the 
calcium chloride which is present reverses the action liberating chlorine, for bleaching 
jmwder reacts with sodium bicarbonate: 2Ga(()(!I)Cl+NaH(;()3-:^(!aC().3 fCaCL, 
+NaOCl+HOCl; and NaOGl+NaHCOa-Na^COa f HOC). Hence, if 'this be 
correct, there is free mineral acid ])re8ent in an alkaline solu. If this soln. be boiled, 
the hypochlorous acid decomposes into hydrogen chloride and oxygen, and the 
former decomposes the sodium carbonate so that the escaping gases are oxygen 
and carbon dioxide ; sodium hypochlorite under similar conditions gives no oxygen. 
If the sodium hypochlorite be treated with carbon dioxide, boiling the soln. then 
furnishes oxygen gas. Most of the water cJiri be expelled from bleaching powder 
at 150 ; a small proportion is lost at a red heat, II. Ditz made a bleaching })owder, 
Ca0.Ca(0Cl)C1.2H20, which lost a mol. of water in a desiccator over sulphuric acid 
or in a current of dry air-free from carbon dioxide— at ; when further heated 

to 150^^180'^, it lost oxygen, and at a strong red heat, it lost the other mol. of water. 
According to C. Opl, bleaching powder yields chlorine: Ca(OCl)Cl==^CaO+Gl2, 
when heated in the absence of moisture, and if moisture is present, oxygen is evolved : 
2Ca(0Cl)Cl=2CaCl2+02, always with the simultaneous formation of chlorate: 
6Ca(0Cl)Cl=Ca(C103)2+Ca5Cl2. He could not distinguish between the action of 
light and heat. An aq. soln. of bleaching powder in sunlight gives a gas containing 
about 96 per cent, of oxygen. The speed of decomposition in light and the amount 
of oxygen evolved is proportional to the intensity of the light.12 According to 
A. Bobierre, bleaching powder loses its water and becomes pasty when lieated to 
redness, forming calcium chloride and chlorate ; at a red heat H. St. C, Deville and 
H* Debray obtained 50 litres of oxygen from a kilogram of the powder. 

If the bleaching powder or the filtered soln. be treated with very dil. nitric, 
hydrochloric, or sulphuric acid, just sufficient to neutralize the free and combined 
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lime, hypoohlorous acid, HOCl, ia formed: Ca(OCl)Cl+HCl=CaCla+HOCl, and 
the soln. smells of hypoohlorous acid but not of chlorine. The hypoohlorous acid 
can be separated by distillation. If an excess of acid be present, the hypoohlorous 
acid is decomposed, formin<< water and chlorine : HOCl+HCl— H 2 O+CI 2 . Dry 
carbon dioxide has little or no action on dry bleaching powder, but with moist 
carbon dioxide at 70°, most of the chlorine is removed, although this gas has no 
action on calcium chloride. Accoiding to R. L. Taylor, the action of carbon 
dioxide on bleaching powder — solid or soln. — is like that of any other acid, for 
hypoohlorous and hydrochloric acids are produced and these decompose one 
another with the evolution of chlorine. 

W. Odling found that alcohol docs not extract appreciable amounts of calcium 
chloride from bleaching powder. When bleaching powder is dissolved in water, 
it forms a strongly alkaline soln., and an imoluhle residue is obtained, consisting 
almost wholly of calcium hydroxide, but it was not pos.sible to remove the last 
traces of the available chlorine by washing. J. P. Persoz stated that the insoluble 
residue contains a special bleaching compound which acts more destructively on 
vegetable fibre than docs a soln. of bleaching powder, but, according to G. Lunge, 
Persoz’s statement is wrong ; the damage is caused by the fine particles of the 
powder settling on the vegetable fibre and locally forming cone, soln., which trans- 
form cellulose into oxy cellulose. The solution contains calcium hypochlorite, 
Ca(OCl) 2 , the chloride, CaCl 2 , hydroxide, Ca(OH) 2 .“-~the amount of the 

latter corresponds with its solubility. G. Lunge’s analysis of a soln. prepared 
from a good sample of commercial bleaching powder is equivalent to 

Ca(OCl)2 CaCljj Ca(C'l()3)2 CaCOH)^ 

Gnus, per litre , . 1^*09 10*54 0*3B 4*21 

G. Lunge also gives a table of specific gravities of soln. of this sample of bleaching 
powder for different amounts of available chlorine in grams per litre : 

Sp. . . 1*0025 1*01 1*02 1*04 1*06 1*08 MO Ml 

Grms. Cl . . 1*40 .5*58 JJ*41 2.3*75 ,35*81 49*96 61*50 68*00 

Bleaching powder which has been kept some time will contain more chloride and 
chlorate. The titre of available chlorine did not change. aj)preciably when kept 
for 2i days out of contact with air and in the dark, but a slight change was noticeable 
in 33 (lays. There was no appreciable loss after keeping 12 days open to air and 
in darkness, but a loss of about one-eighth of its strength in 33 days. Diffused day- 
light accelerates the decomposition of the solutions. The pink colour of the soln., 
obtained by leading carbon dioxide through a warm soln. of bleaching powder or 
otlier hypochlorite, has been attributed to manganese — ^as permanganate — and to 
iron - probably as calcium ferrate. G. E. Davis establi.shcd the presence of 
manganese spectroscopically ; and T. L. Bailey and P. H. Jones obtained no pink 
coloration with soln. free from manganese even when considerable amounts of 
iron wore present. 

Whatever be the constitution of bleaching powder it is fairly certain that the 
aq. extract contains the three compounds hyclroxide, chloride, and hypochlorite 
in soln. The existence of the hypo(;hlorite is evidenced by the isolation of crystals 
of this salt by C. T. Kingzett. L. T, 0\Shea also argued that if the soln. contains 
a chlorohypochlorite, Ca(OCl)Cl, it will diffuse so thiit the ratio of the total chlorine to 
oxidizing chlorine will remain 2 ; 1 both in the diffusate, and in the original soln., 
whereas if the soln. contains the two salts — hypochlorite and chloride — the one will 
diffuse faster than the other; and the ratio in question will not be the same in the 
diffusate and in the original soln. It was found that the diffused liquid was richer in 
chloride and poorer in oxidizing chlorine than in the original soln., showing that the 
chloride diffused faster than the hypochlorite, and that if solid bleaching powder is a 
compound of calcium hypochlorite and chloride, or of calcium chlorohypochlorite, it 
is decomposed by the action of water into a mixture of the two salts. In addition, 
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Mi Ihiyk has sliown that the hypochlorites are hydrolyzed in aq. soln. : Ca(OOl)8 
-|-2H80sF^Ca(0H)2+2H0Cl, so that a soln. of bleaching powder with 0'02162 gnn. 
of active chlorine in 10 c.c. contained the eq. of 0’002485 grm. of free hypochlorous 
acM and O’OllO grm. of free lime ; on adding 100 c.c. of water the free h^ochlorons 
acid and lime were increased to 0’008697 grm. and 0‘0137 grm. respectively ; and 
a farther addition of another 100 c.c., toO'01629 grm. and 0*0140 grm. respectively. 
The hydrolysis is further confirmed , by the removal of some of the hypochlorous 
acid by the passage of a current of purified air through the liquid. F. Forster and 
H. Bischoff, and A. Sieverts, also attribute the relatively higher bleaching action 
of soln. of the alkali bleaching liquors prepared eleotrolyticaUy to the relatively 
large proportion of free hypochlorous acid they contain. 

According to K. Thiimmel,!® a mixture of equal parts of bleaching powder and 
charcoal explodes when heated in a closed vessel, and, according to H. G. de Claubry, 
sulphur in place of charcoal acts in the same way. T. L. Phipson found that when 
exposed to hydrogen sulphide, the latter loses its smell, the odour of chlorine appears, 
and sulphur is formed. Hypochlorous acid is probably set free, and this reacts 
with hydrogen sulphide, forming sulphur and chlorine. 

Bleaching. — -In bleaching by cau de Javdle or by bleaching powder, the preliminary 
treatment is often complex and is determined by the character of the material. Various 
fatty or colouring agents naay have to be extracted by washing in hot alkali lye. 

fabric is stooped in a clear dil. aq. soln. of tho bleaching agent— cAc/wicAiingr — 
and then eotired by steeping in dil. acid. Hypochlorous acid is thus produced, and then 
free chlorine. The free chlorino does its work within tho fibres of the wet fabric. In 
high-class goo<^ required to be “ brilliant whit^** the operations may have to be repeated 
a number of times. Tho bleaching action of hypochlorous acid is generally stated to be 
twice as great as that of the chlorine it contains, supposing the latter were free : 2Cljj 
=f4HCl4*Oj| ; 4HOCl“4HCH-20a ; but it must be remembered that two atoms of chlorine 
are needed to form one molecule of HOOl, since an eq. amount of HCl is formed at tho 
same time. 

The constitatioii of bleaching powder.— In the early days, C. L. Berthollet.i® 
J. L. Gay Lussac, and J. J, Berzelius assumed that the powder prepared by 
C. Tennant in 1798 by the action of chlorine on slaked lime is a compound of lime, 
CaO, with chlorine, viz. CaOCl2 ; but after his investigation of the hypochlorites in 
1835, A. J . Balard concluded that bleaching powder is a compound or a mixture 
of calcium chloride, CaCl2, and calcium hypochlorite, Ca{0Cl)2, mixed with an excess 
of calcium hydroxide. Numerous attempts have been made to explain the nature 
of this product, and many contradictory statements have been made about what 
appear to be questions of fact. Although it is generally agreed that calcium hypo- 
chlorite plays an important r6le, there is no universal agreement on the constitution 
of bleaching powder, probably because the attempt has been made to find a con- 
stitutional formula for an indefinite mixture, on the assumption that it is a 
chemical individual. The main discussions can be arranged under the following 
heads : 

(1) FormidcB based on the assumption that bleaching powder is a misHure of cdleium 
hypochlorite and calcium chloride. — It will be evident that bleaching powder cannot 
be the calcium salt of hypochlorous acid, Ca(OCl)2, because the product would then 
furnish twice the amount of available chlorine actually obtained when it is treated 
with hydrochloric acid, in virtue of the reactions symbolized : Ca(0Cl)2-f 4HC1 
=sCaCl2-l-2H20 4-2012- Hence, A. J. Balard suggested that bleaching powder is 
a mixture of chloride and hypochlorite, CaCl24-Ca(OCl)2. J. L. Gay Lussac con- 
firmed Balard s conclusion that bleaching powder is a mixture of eq. proportions 
of calcium, chloride and hypochlorite. Against this view, it is very probaWe that 
Neaching powder contains but little calcium chloride because : (1) Nearly all the chlorine 
can be expelled from bleaching powder by the action of carbon dioxide, but not 
from calcium chloride. To get over this difficulty, it has Ijeen suggested that 
possibly some reaction like that assumed by A. J. Balard takes place : CO. 
■f 0a(O01)2=*CaCO44-C!aCl24-Cl2O, foUowed by C1^04-C024-CaCl2=CaC034-2Ciat 
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(2) Calcium chloride is very deliquescent, bleaching powder is not. (3) Calcium 
chloride is readily dissolved by alcohol, whereas an alcoholic soln. of bleachii^ 
powder contains but very small quantities of calcium chloride. (4) When bleaching 
powder is treated with successive small quantities of water, the first washings 
contain much less calcium chloride than would be the case were calcium chloride 
present as such in the powder. (5) Bleaching powder made by mixing calcium 
hypochlorite with sufficient calcium chloride to furnish the same percentage amount 
of bleaching chlorine as commercial bleaching powder, when treated by moist carbon 
dioxide gives off an amount of chlorine corresponding with the hypochlorite only, 
whereas the commercial bleaching powder parts with 80 per cent, of bleaching 
chlorine. Hence it is inferred that bleaching powder is not a mere mixture of 
calcium hypochlorite and chloride, but rather a compound of the two, viz. Ca(0Cl)Cl. 

However carefully prepared, hleaehing fovoder always contains an excess of 
lime ; at any rate, a deposit of slaked lime is always found as a residue when bleaching 
powder is extracted with water. Since the available chlorine in commercial bleaching 
powder usually ranges between 36 and 38 per cent., and under the very best con- 
ditions a maximum of about 43'5 per cent, of available chlorine is taken up, it is 
inferred that the calcium hydroxide, Ca(OH)2, is not completely sat. with chlorine, 
and that calcium hydroxide is pre.sent — either free or combined. 

(2) Fortnuke based on the assumption that hleachiny powder is a double salt of 
calcium chloride and hypochlorite . — ^As emphasised by K. Kraut, the non-deliqnescent 
character of bleaching powder may of course mean that the calcium chloride and 
hypochlorite are united to form a double salt, CaCl2.Ca(OCl)2, which has not quite 
the same meaning as the simplified formula, Ca(OCl)Cl, but is rather analogous 
with the non-deliquescent double salt of calcium chloride and acetate, 
CaClg.fCHaCOOlgCa.SHgO. Mol. wt. determinations are not available. Attempts 
to decide between these two formula) — CaCl2.Ca{0Cl)2 and Ca(OCl)Cl — ^by the extrac- 
tion with solvents have not been successful, because the solvent may react with the 
compound — e.g. W. von Tiesenholt noted that when bleaching powder is shaken up 
with carbon tetrachloride, two powders of different density and with a different pro- 
portion of active chlorine are formed; the same thing occurs when alcoholic chloroform 
reacts with the hypochlorite. Similarly, the fact that carbon dioxide drives most of the 
chlorine may mean that the hypochlorous acid hydrolytically dissociated or expelled 
from its salts, by carbon dioxide attacks the chlorides yielding chlorine and the 
free base or a carbonate, MCl-l-HOCl=MOH+Cl2. F. Forster has obtained direct 
evidence of the reaction : NaCl-f 6H0Cl=:NaC103-|-3H20-[-3Cl2, and W. von Tiesen- 
holt found that a soln. containing equimolecular proportions of calcium hypochlorite 
and chloride gives off more chlorine than would be furnished by calcium hypo- 
chlorite alone. A. Thiel, however, points out that W. von Tiesenholt's conclusion 
does not follow from his experiments, for they only show that when bleaching powder 
is dissolved in water, a mixture of the chloride and hypochlorite is formed. 
W. von Tiesenholt later showed that chlorine is expelled from moist artificial 
mixtures of the solids at a temp, between 40® and 100®. Hence, the expulsion of 
chlorine from bleaching powder does not decide in favour of the mixed salt, Ca(OCl)Gl, 
against the double salt, CaCl2.Ca(OCl)2. H. Ditz, however, has shown that 
W. von Tiesenholt’s formula does not account for the loss of water which occurs 
when bleaching powder is heated to 100° in a stream of dry air, free from carbon 
dioxide, and the loss of oxygen on further heating to 150°-180°. 

(3) FormuloB based on the assumption that bleaching powder is a hydroxyhypo- 
ehlorUe . — In 1859, P. A. Bolley suggested that the calcium hydroxide of bleacliing 
powder is mixed with it in a mechanical way, and it represents the cores of the 
granules which escaped chlorination by being encrusted with bleaching powder 
proper. R. Fresenius and F. Rose suggested that bleaching powder is a hydrated 
oxychloride and hypochlorite ; Ca(OCl)2.Ca0l2.2CaO.4H2O. This would mean 
that bleaching powder can contain as a maximum 32 per cent, of available chlorine, 
although if, as K. Kraut suggested, the basic chloride or oxychloride bo CaClo.CaO, 
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the theoretical proportion of available chlorine would approximate closer to the 
observed value, but would still be less than the maximum obtainable, J. Kolb 
suggested the formula : 2Ca0Cl2.H20.Ca(0H)2, and assumed that the double com- 
pound is split by water into insoluble calcium hydroxide, and soluble calcium 
hypochlorite, but the formula gives a maximum of 38*7 per cent, of available 
chlorine — ^less than the observed value. C. Stahlschmidt suggested the formula : 
2Ca(H0)(0Cl)CaCl2.2H20. In order to make the assumption fit the facts, it is 
supposed that the basic calcium hypochlorite, HO.Ca.OCl, invented by C. Stahl- 
schmidt is not attacked by chlorine, and is decomposed by water into calcium 
hypochlorite and hydroxide : 2Ca(OH)(OCl)-:Ca(OCl)2+Ca(OH)2. C. Stahl- 
schmidt’s formula : 2Ca(0H)0Cl.CaCl2.2H20, required a maximum of 30 per cent, 
for the available chlorine- this is less than the observed maximum ; the presence 
of calcium chloride, CaCl2, ia an assumption which cannot be granted. In 1884, 
E. Drcyfiis based some arguments for C. Stahlschmidt's formula on some experi- 
ments which G. Lunge and R, Rchoch showed to be erroneous. 

(4) Formula; based on the assmnption that bleaching powder is a chloroperoxide > — 
In 1803, C. L. Bcrthollet suggested that the composition of bleaching powder 
corresponds with the formula CaOCl2, and many chemists have accepted a similar 
formula, but with different interpretations. For example, N. A. E. Millon 
regarded bleaching powder as a kind of peroxy chloride, 0 : Ca : CI2 ; C. Gopner, 
(CaO)Cl2 ; E. Richters and G. Juncker, W. Wolters, and C. Opl likewise 
maintain that although bleaching powder and its soln. both contain the com- 
pound CaOCl2, this is not a mixture of hypochlorite and chloride. J. Mijors,24 
like N. A. E. Millon. assumes a jjeroxicle formula, and represents the formula hy 
Cl2“ Ca — (OH)^, on the assumption that the calcium atom is quadrivalent. This 
formula may also he regarded as a monohydrate of W. Odling's Cl— Ca— 001. 
N. Tarugi also considers bleaching })owder to be a chloride of calcium ])eroxidc, 
bccaiise when dehydrated lime is left expo.sed to the air, it exhibits a peroxide 
reaction— colouring tincture of guaiacum blue ; ether and chromic acid, blue ; 
and ferrous sidphate and potassium thiocyanate, red. He considers that bleaching 
powder is therefore Ca02Cl2.Il20, corresponding with a luaximum of '14'09 per cent, 
of available chlorine ; with its action of mercury on bleaching powder : Ca()2Cl2 
I Hg—CaO.j -]-HgC.l2 ; and with the fact that in onler to get the best quality of 
bleaching powder free oxygen is neces.sary. H. T)itz. how(^vcr. contradicts several 
of N. Tarugi's statements. 

(5) Formultr. hased on the ussmnptimu tJinl hlcnching jvnvder is a cMorohyjm- 
cMorite.—W. Odling ^8 suggested that when chlorine is allowed to act upon a 
bivalent base say, calcium hydroxide, Ca(OH).2 — a molecule of each of the two 
monobasic, acids--hydro(ihloric and hypoclilorous acids— formed by the action of 
chlorine on water, is neutralized by one molecule of the base, and what seems to be 
a mixed salt is formed : 


Ca< 


OH 

OH 


HO<JI 

HO) 


=ai< 


OCI 

01 


-1-2H2() 


W. Odling, therefore, regarded bleaching powder as a mixed salt— hypochlorite and 
chloride. Again.st this view, K. Kraut cited the formation of iithia bleaching 
powder, but G. Lunge and 1*. Naef showed that Iithia bleaching powder is funda- 
mentally different from lime imoduct. 

E. Schwarz found that the bivalent bases baryta and strontia give compounds 
analogous in pro])ertics with that from lime. Baryta bleaching powder is very 
unstable, while stronlia bleaching powder is more stable and is readily prepared. 2o 
G. Lunge has further shown that the various properties of bleaching powder are 
best co-ordinated by assuming that the active agent is the. mixed salt formulated 
Cl.Ca.OC'l by W. Odling. This view is further confirmed by L. Limpacli, L. T. O’Shea, 
E. Schwarz, etc. A^r washing samples of bleaching powder with alcohol to 
remove calcium chloride, L. T. O’Shea determined the ratios indicated below, and 
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compared them with the values computed for other formula}. He found W. Odling’a 
formula alone gave results in accord with observations : 


CaO : Total Cl. 


Observed - . . . . 1:2 

Calculated Stahlschmidt — Ca(OH)Cl 1 : 1 

„ Gay Lussoc* -Ca(OCl)a . 1:2 

„ Odling— Ca{OCl)Cl . 1:2 


Available Cl : Total Cl. CuO : Available Cl. 


1 : 2 

1 : 1 

1 : 1 

1 : 1 

1 : 1 

I ; 2 

1 :2 

1 : 1 


E. Schwarz assumes that the fundamental reaction is : H20+Cl2^HCl-l“H0Cl. 
So long as an excess of free lime is present, the reaction is merely one of neutraliza- 
tion, but as soon as the lime is used up, the excess of hydrochloric acid liberates 
hypochlorous acid from the bleaching powder, and this in conjunction with the 
hypochlorous acid formed by the action of chlorine on water oxidizes the undecom- 
posed hypochlorite to chlorate. The excess of chloride always found in com- 
mercial bleaching powder is mainly derived from the hydrogen chloride present in 
the chlorine used. If an excess of water is present, the hypochlorite is hydrolyzed. 
When treated with carbon dioxide synthetic bleaching powder prepared by the 
action of chlorine monoxide on calcium oxide in the presence of moisture gives up 
less chlorine than the product obtained by the action of chlorine on slaked lime. 
This is supposed to be explained by the assumption that the former is a mixture of 
calcium hypoclilorite and chloride, whereas the latter is a mixed salt, CaCl(OCl). 
H. Ditz ‘*^7 considers that commercial bleaching powder is not a homogeneous 
chemical individual, but rather a mixture formed by a series of reactions, the first 
of which is represented: 2Caf0H)2-|-I^l2^H20.Ca().Ca(0Cl)Cl-|-H20. If a suffi- 
cient excess of water be present, and the temp, be not too low, this product is hydro- 
lyzed; H 2 ()’fH 2 ().Ca(>.(^a(OCl) 01 ===Ca(OH) 2 +H 2 O.Ca(OCl)Cl and the Ca(OH )2 
so produ(!od is avaiIabl<^ for rechlorination. The bleaching powder so formed 
is a mixture of both CaO.Ca(OCl)CI.n20 and H20.Ca(OCI)Cl. The compound 
Ca().Ca(0Cl)CI.H2(), or 2Ca(OH)2.CaCl2.Ca(()Cl)2, is formed at —10^ ; and the com- 
pound Ca(0Cl)Cl.H20 has also been produced at higher temp. In practice, these 
reactions are modified by the amount of water in the slaked Urne, and they do not 
usually proceed beyond the stage represented by a final product : (2n— 2)Ca(OCl)Cl 
+CaO.Ca(OCl)Cl.Ho()+(2?i--l)HoO. The complex H20.Ca0.Ca(0Cl)Cl appears 
to be stable at liXf, but is decomposed at ISO"" with the evolution of oxygen ; 
the molecule of water, however, is not expelled below a red heat. The formation 
of bleaching powder, says H. Ditz, is not a simple process, but several reactions 
succeed one anotlier giving different products. Indeed, he was able to make 
a product with 48' 74 per cent, of available chlorine and 0*64 per cent, of non- 
chlorinated lime, by adding a little water from time to time. According to 
E. Wintelcr, the moisture plays tlie part of a catalytic agent, in the formation of 
bleaching ])owder. Chlorine water is first formed ; this hydrolyzes : CI 2 +H 2 O 
^HOl+IIOCl 'the hydrochloric acid reacts most rapidly with the lime, forming 
Ca(()H)Cl and CaCL ; some water is formed at the same time. The hypochlorous 
acid acts on the original Ca(OH) 2 , on the Ca(OH)Cl, and on the CaCl 2 . with the 
result that the finished i)roduct may contain 
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OH 

Cl 


0a< 


01 

01 
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001 

OH 
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as well as free hypochlorous acid, which then forms chloride and oxygen, or chloride"^ 
and chlorate. Hence, says F. Winteler, bleaching powder is not a homogeneous 
product, and no definite constitutional formula can be assigned to it. Otherwise 
expressed : Chlorinated linie is not a konmgenecus individual but rather a mixture of 
eahium chlorohypncldorile, Ca{()Cl)Cl, or a double salt, CaCl 2 -Ca{OCl) 2 iy unih other 
'products, the relative proportions of which depend upon the conditions und>er whwh tlie 
chlorination has Imn ~ temperature, proportion of water present, rate at 

which the chlorine is led over the lime, etc. It is convenient to assume that bleaching 
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'powder is eq. to Ca(OCl)Cl with more or less free calcium hydroxide. The argu- 
however-, are not final. As Roger Bacon once said : Argument may appear 
"ib decide a question, but it cannot make us feel certain unless the tr\ith be also 
established by experience. 

In 1832, J. J. Berzelius prepared hf amine bkaching powder, or bromide oflime^ 
by the action of bromine on slaked lime. By heating calcium hydroxide suspended 
in water with iodine, G. Lunge and R. Schock obtained a colourless sola, which 
bleached vegetable colouring matters — logwood, litmus, and cochineal— gave no 
coloration with starch ; gave a separation of iodine when treated with acids ; 
gave an evolution of oxygen with hydrogen peroxide ; decomposed slowly in 
darkness, rapidly in sunlight ; and even on long boiling only partially decomposed, 
G. Lunge and R. Schock conclude that this soln. contains an iodine compound 
analogous with iodine bleachin/j powder, or iodide of lime, Ca(IO)I. W, A. R. Wilks 
studied the action of soln. of chlorine, bromine, and iodine in carbon tetrachloride 
on dry slaked lime, and found that bromine is adsorbed until a maximum of adsorp- 
tion is attained. In some cases a slight ‘‘ superadsorption is noticed. The colour 
of bromine bleaching powder is due to this adsorption product. The concentra- 
tions of bromine in so^. (C^) and in lime (Cj) before the maximum of adsorption 
is reached are connected by the equation C 1 /C 2 *— The amount of bromine 
adsorbed by slaked lime depends on the dryness of the lime. Similar results were 
observed in the case of iodine and lime. The value n in the formula (Ci/C 2 )'^==ifc 
is one-third, as with bromine, but the constant k is different for bromine and iodine. 
For the same specimen of lime the mol. ratio of iodine to lime at the maximuoi 
of adsorption is less than the corresponding ratio for bromine. Chlorine behaves 
quite differently from the other two halogens under the same conditions. Adsorp- 
tion phenomena could not be detected, but the results iridicate the formation of a 
chemical compound. Slight differences in the dryness of the lime have much greater 
effect on the absorption of bromine and iodine than on that of chlorine. 

J, Walker and S. A. Kay sliowed that the brown product of the action of iodine 
in aq. or chloroform soln. on magnesia is a case of adsorption analogous to the 
adsorption of acids by silk, and of iodine by starch. P. Guichard studied the 
adsorption products with iodine vapour and alumina, silica, magnesia, and beryllia. 
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§ 5. The Hypochlorites, Hypobromites» and Hypoiodites 

In 1834, A. J. Balard 1 prepared solutions of salts of hypochlorous acid — the 
hypochlorites -by mixing the aq. acid with alkalies, magnesia, or with zinc or 
copper hydroxides, and avoiding an excess of the acid. If the liquids are not kept 
cold, the hypochlorites decompose into chlorides and chlorates. A. J. Balard said : 

The presence of a certain excess of base prevents the conversion of the hypochlorite 
into chlorate and chloride, whereas it is rapidly effected when the ewsid is in excess. It 
is therefore necessary to add tho acid to the alkaline substance in quantity insufficient 
for saturation, and constantly to agitato the bottle immersed in cokl water ; and not to 
reverse the operation by gradually saturating the acid with the base. By taking these 
precautions, cone. soln. of hypochlorous acid and potash may bo used without precipitating 
potassium chlorate, notwithstanding the sparing aolubilit^^ of this salt. This proves that 
u any chlorate is formed, the quantity is very small. 
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If an excess of alkali be present, the soln. can be dried in vacuo at ordinary teraj). 
without much decomposition. An excess of chlorine acting on hypochlorites at 
ordinapr temp. liberate.s the acid : K0CI+Cl2+H20=:KCl-f 2HOC1. Similarly with 
bleaching powder. The liberated acid can be removed by distillation, but a rise 
of temp, is then attended by the formation of chloric acid. J. L. Gay Lussac (1842) 
dissolved two mol. of chlorine monoxide in a soln. containing a mol. of K 2 O, and found 
that on evaporation in vacuo, the eq. of one mol. of chlorine monoxide was removed 
from the liquid ; this indicates that the alkali h)rpochlorites contain the eq. of a 
mol. each of chlorine monoxide, CI 2 O, and potassium monoxide, K 2 O. A. W. William- 
son stated that hypochlorous acid does not expel carbon dioxide from the carbonates 
except by its own decompo-sition. W. Wolters, however, stated that carbon 
dioxide is expelled from sodium carbonate, and G. Lunge alid H. Schappi drove 
carbon dioxide from calcium carbonate by distilling hypochlorous acid wth an 
excess of this salt. 

If too little chlorine is passed into a soln. of sodium carbonate to jnoduce an 
effervescence, the pale yellow liquid smells faintly of chlonne and first reddens and 
then bleaches turmeric paper ; the liquid does not lose its bleaching power on boiling, 
but it docs so on evaporation. If the soln. of sodium carbonate be sat. with chlorine., 
a yellow strongly bleaching liquid is obtained which when evaporated in thin 
layers in warm air, gives a residue which first browns, and then bleaches turmeric 
paper. Consequently .sodium carbonate is still present. When the liquid is boiled, 
it loses its colour, and on eva])oration furnishes sodium chloride, chlorate, and a 
little carbonate. According to W. K. Dunstan and F. Itansome, when chlorine is 
passed into an aq. soln. of sodium carbonate until the liquid is but faintly alkaline, 
the liquid contains no free hypochlorous acid, but sodium hy}) 0 (;hlorite ; when 
the soln. is faintly alkaline, it contains both sodium hypochlorite and free hypo- 
chlorous acid ; with a still further quantity of chlorine, the liquid contains some 
sodium hydrogen carbonate, sodium chloride, and free hypochlorous acid, but no 
sodium hyimchlorite, and it corresponds with the liquor sodm chloratce of the 
British Pharmacopoeia. If the treatment with chlorine be continued until the 
evolution of carbon dioxide ceases, the soln. contains sodium chloride and chlorate 
and free hypochlorous acid. 

When an aq. soln. of alkalies, alkaline earths, or magnesia is treated with 
chlorine gas, the so-called bleaching liquor, is obtained. 'I’oo high a temp, or an excess 
of chlorine gas makes the liquid unstable, bei ause the contaijied hypocihloritc then 
readily decomposes into chlorate and <-hloride. Several of these bleaching liquids 
have been given special trade name.s c.ijr. exlrait. d'eau dc Javelle ; esprit de 
Javelle; cldorozone ; chlorogen, etc.— and extravagant claims have been made 
about their bleaching qualities. They can be regarded as mollifications of the 
older eau de Javelle, or rather eau de Labarrague mixed in sonre cases with some 
bleaching powder. As G. Lunge puts it, they are “ nothing but ordinary soln. 
of chloride, of soda with some free alkali to make them fitter for carriage, and all 
assertions going beyond this are simply deceptions practised on the consumers.” 

Cone. soln. of sodium hypochlorite with uj) to 42 per cent, of available chlorine 
have been made under the trade name chloros, by passing chlorine into a soln. of 
caustic soda of such a strength that the sodium chloride which is formed separates 
out. The temp, is kept below 27°. The crystals of sodium chloride are removed, 
and more chlorine is introduced, but the sodium hydroxide ife always kept in excess 
or the soln. will bo unstable. A. J. Balard prepared })ota8sium, sodium, and 
lithium hypochlorites by neutralizing a well-cooled soln. of the base with the’ acid. 
E. Soubeiran evaporated in vacuo the liquid obtained by treating a soln. of calcium 
hypochlorite with sodium carbonate, and obtained, before the liquid had all 
evaporated, crystals of sodium chloriile and of sodium hyj)ochlorite. P. Mayer 
and R. Schindler obtained solid potaasium hypochlorite mixed with potassium 
hydrocarbonate by the action of chlorine— developed from 10 parts of sodium 
chloride— on a soln. of 24 parts of potassium hydrocarbonate and one of water. 
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They also obtained an analogous solid sodium hypochlorite by the action of chlorine 
— from 100 parts of sodium chloride — on 19 parts of sodium carbonate moistened 
with one part of water. M. Muspratt and E. S. Smith 3 prepared a cone. soln. of 
sodium hypochlorite by treating with chlorine a 35 per cent. soln. of sodium liydroxide, 
cooled by ice-water. The precipitated sodium chloride is removed, and sodium 
hydroxide added equivalent to the sodium chloride removed : The treatment with 
chlorine was continued until the soln. was about 5 A. Sometimes there is a sponta- 
neous transformation of hypochlorite to chlorate which is prevented by (i) working at 
a low temp. ; (ii) maintaining an excess of alkali ; and (iii) ensuring the absence 
of iron and other heavy metals which act as catalysts. . If the cone. soln. of sodium 
hypochlorite so prepared be cooled to about — 10®, needle-like crystals belonging 
to the cubic system separate out. Their analysis gives : 37 6 per cent. NaOCl ; 
3’7, NaCl ; 58*7, H2O ; and no sodium chlorate. Their composition thus corre- 
sponds with hexahydrated sodium hypochlorite^ NaOC1.6H20, or, according to 
M. P, Appleby, with hepiahydrated sodium hypochlorite — ^the analyses agree with 
either. The crystals melt between 18®-21® by dissolving in their own water of 
crystallization, and then rapidly decompose. If the crystals be exposed to a current 
of dry air under reduced press., some of the water of crystallization can be removed, 
and the crystals do not melt below 43®. M. P. A])pleby found that if the melted 
hepta- or hexa-hydrate be cooled slowly large deliciuescent greenish-yellow crystals 
of pentahydrated sodium hypochlorite, NaOCl.r)!!/), are formed, which melt 
at 27®. M. Berthelot ^ gives for the heat of the reaction CI2 f K20soin.“25‘4 Cals. ; 
and for Clo0yoiii.+K20aoiTi.=9‘6 Cals. For the reaction : Broiiquiii+SKOHsoin. 
===KBrsoiii.+KOBrsoiiiH'72 Cals. J. Thomsen gives: NaOHa(,.+HOCIa(|.=9*98 
Cals. ; for Cl2~l-2NaOHa(t. —24*65 Cals., and M. Berthelot gives 25*M Cals. Accord- 
ing to P. M. Raoult, the f.p. of a gram of sodium hypochlorite in KX) gnus, of w«ter 
is lowered ()*4r)4®, so that the molecular lowering is 33*9. M. Bouvet noted that 
cone. soln. of this salt rapidly lose their activity in sunlight, and this occurs fastest 
in white glass bottles, and slower in brown glass bottles. He found a soln. in the 
.shade or in darkness remain practically unchanged after four weeks. 

K. Kraut claijjied to have prepared lUhia hleachiny poxvder analogous with 
ordinary bleaching powder. At 0® chlorine has no action on lithium hydroxide, 
but at a higher temperature a product is obtained analogous to that produced 
with lime. Lithia is a univalent base, and therefore lithia bleaching powder cannot 
be a mixed salt ; but (1. JiUngo and P. Naef showed that K. Kraut's product with 
lithia is in all probability a mixture of lithium hsrpochlorite, LiOCl, and lithium 
chloride, LiCI, for it is scarcely acted upon by carbon dioxide at ordinary tempera- 
tures, and the gas which is evolved contains some chlorine monoxide— with bleaching 
powder chlorine gas in amounts corresponding with the equation : Cl.Ca.OCl 
^C02==CaC03+Cl2 is evolved, and only a trace of chlorine monoxide. 

A. J. Balard ® prepared a soln. of sodium hs^obromite, NaOBr, by working 
in a similar manner to the process employed for the hypochlorite. When bromine 
is gradually added to soda lye, the bleaching power increases up to a maximum, 
and after that decreases owing to the conversion of the hypobromite into bromate. 
A. J. Balard also described a similar product, potassium h^^obromito, obtained by 
the action of bromine on potassium carbonate. 

C. F. Schonbein, as previously indicated, found that when iodine water is mixed 
with potassium hydroxide, the analogy of the product with soln. of the hypo- 
bromites and hypochlorites shows that potassium h3rpoiodit6 is in all probability 
formed by a reversible reaction, 2KOH-f-l2^KI +KOI+II2O, and that, when in 
equilibrium, the addition of potassium iodide will reverse the reaction, forming 
tree iodine and potassium hydroxide. Hence, (i) the amount of potassium liydroxide 
required to complete the reaction must be greater than is indicated bv the equation, 
as was found to be the case by R. L. Taylor ; and (ii) the failure of many to obtain 
evidence of bleaching soln. of hypoiodite when soln. of iodine in potassium iodide 
are employed. If a large excess of potassium iodide is present, this will prevent 
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the formation of any hut the smallest amount of hypoiodite. E. Rechard found 
that when iodine acts on sodium hydi oxide, a mixture of sodium iodide, sodium 
iodate, and sodium liypoiodite is formed, and that the iodide and hypoiodite react 
with the liberation of iodine. F. D. Chattaway and K. J. R. Orton assume that 
sodium hypoiodite is formed in an intermediate sta^e in the decomposition of 
nitrogen iodide l>y a soln. of sodium hydroxide. 

When possibly sodium diparaperiodate, Na4H4r2OB.TI.jO, or sodium iodate, NalOg, 
is calcined at not loo high a the residii*' with tho c*oinposition NajIjO was reported 

by F. Aniinoriniiller and G. Magnus in thf’; former ca.se, and by J. von Liebig in the latter. 
There has been some controversy between C. F^anglois, G. I^atiwch, and C. P. liam- 
melsberg, et*’;., as to whether .sodium hypoiodilt* i.s an integral part of tlie compound ; but 
the whole discussion is futile until the nature of the product has been more closely 
investigated, 

A. J. Balard ^ fouiul that when liypoclilorous acid and tnpia ammonia arc mixed 
diflerent pheiiomemi are produced according to the concentration of the soln. 
W hen cone, well-cooled soln. are mixed, a white cloud is jiroduced and sometimes 
oily clrops of the highly explosive nitrogen chloride are produced. AVhen very 
dil. soln. are mixed, bubbles of nitrogen are given oif, .and the liquid rendered 
alkaline by ammonia still possesses the power of bleat hing a soln. of indigo blue, 
but bubbles of nitrogen continue to be given off, the alkalinity disappears, and th<^ 
liquid bec^omes aiid when it no longer ])ossesses the jiower of bleaching. Hence, 
adds A. . 1 . Balard, the (ixistem e of ammonium hypochlorite is very probable ; it 
is the ephemeral hyjjochlorite obtained by E. Soubciran, by the action of ammoniuju 
carbonate upon a soln. of blca(*hing jiowdcr. 'rhe soln. gave off nitrogen, and 
when evaporated in vacuo, left a residue of ammonium chloride. C. K. W<dionl)cin 
showed that the liquid produced by adding ammonia to chlorine water, until the 
soln. turned turmeric paper brown, jmsscssed all the characteristic. ])roj)(‘rtics of 
an liy])ochlorite. (\ F, Gross and E. J. Bevan prepared a similar prodiiet by th(‘. 
electrolysis of a soln. of ammonium chloride. According to J. Thiele, if the soln. 
be distilled in va(‘uo, the distillate po.ssesses reducing qualities, the residue does not 
reduce. If the soln, be mixed with sodium Iiydroxide before distillation, the 
distillate does not exert a reducing action. It was therefore infc,rn‘d tliat in tlie 
first case ammonium hypochlorite was distilled into tlu' receiver, and in the second, 
the alkali fixed the hyj)0(^hlorous acid and prevented its distillation. IMiere are 
some* different opinions as to tho mode of action of ('hlorint' on atpia ammonia 
A. A. Noyes and A. C. Lyon believe that nitrogem trichloride (q.v,) is first formed, 
and this is hydrolyzed in dil. soln. : N(l3+2Nil4()H+JIoO— 2NH4OCI. There are 
also differences of opinion as to the agent which effects the reduction — c.r;. amongst 
R. Luther and N. Schilow, F. Raschig, J. Kolb, G. Lunge and R. Schoch, F. JTreyfus, 
etc. Some consider the ]>roof of the existence of ammonium hypochlorite to he 
defective, for the alleged eonqjound has not been isolated ; its aq. soln. rapidly 
decomposes af ordinary temj). ; and there arc irregularities in its oxidizing action 
— for instance, while it acts like other hy])Ochk)rit(\s on aniline salts, sul])hites, 
arsenites, and potassium iodide?, yet it do€?s not bleach plant fibres, decolorize 
indigo, transform l('ad }iy<lroxide into the peroxide, nor oxidize fiurocyanides in 
acetic acid solrn It must be remembered that the ephemeral ammonium hypo- 
chlorite must of iu‘cessity be present at the commencement in very dil. soln. — 
one or two ])er cent. 

C. F. Schbnbein also ])re])ared ammonium hypobromite by a pTO(?ess analogous 
to that employed for tlie hypochlorite., and obtained a liquid with similar oxidizing 
properties. The liquid is assumed to contain a mixture of ammonium hypobromite 
and bromide. (J. F. Schonbein likewise inferred the transient formation of 
ammonium hypoiodite wlam iodirke water and a((iicous ammonia .are mixed, whereby 
the liquid is decolorized. 1'he soln. gave a deep blue coloration with starcli 
paste and potassium iodj.de, etc., and behaved like analogous soln. of the alkali 
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hypoioditeH, F. D. Chatt^way and K. J. P. Orton have discussed the formation 
of ammonium hypoioditc in the decomposition of nitroijten iodide by aqua 
ammonia. 

r B. Chenevix notes the ready solubility of (cupric oxide in chlorine water, 
and P. Grouvclle found that the soln. obtained by passinj,^ chlorine into water 
with cupric oxide in suspension possessed bleaching pro)>erties, and these were 
retained even after the soln. liad been boiled for a quarter of an hour. A. J. Balard 
found that the distillation of P. Grouvelle’s liquor furnished some hypochlorous 
acid and a green oxychloride,. .‘Whi0.fhiCl2 'lH20, was formed in the retort. 
A. J. Balard prepared a soln. of CUpric hypochlorite by dissolving cupric hydroxide 
in hypochlorous acid. Jt is also made by the action of ciqiric sulphate on calcium 
hypochlorite. A. J. Balard found that co])jicr lilings are partially dissolved by 
hypochlorous acid, the soln. after standing some time contains cupric cdiloride, and 
deposits a green pulverulent cujiric oxychloride. 

L. N. Vauquelin found that wlnm chlorine acts on silver oxide diffused in water, 
a mixture of silver chloride and chlorate is formed, and it was accordingly supposed 
that these same ])roducts are obtained when (’.hlorine a(‘ts on the salts of silver. 
The products observed by L. N. A'auquelin were shown by A. J. Balard to be end 
products, being preceded by the forniation of silver liypochlorit(‘. According to 
A. J. Balard, finely divided silver immediately decomposes hypochlorous aijid with 
the evolution of oxygen, and the formation of silver chloride. Again, if an alkali 
hypochlorite be treated with silver nitrate, or if silver oxide, Ag20, suspended in 
water, be treated with chlorine, much heat is developed and silver chloride and silver 
})eroxi<le are precipitated while a liquid with bleacliing properties is formed. The 
liquid is very unstable, and decomjioses in a few minutes with the separation of silver 
chloride and the formation of a soln. of silver chlorate which does not bleach. If 
an excess of chlorine be employed, all the silver is precipitated and a soln. of hypo- 
chlorous and chloric acids remains. If an alkali hydroxide be added to the bleaching 
liquid, oxygen is evolved, and a mixture of silver chloride and peroxide is precipi- 
tated. Similar results are obtained if an aq. soln. of silver chlorate, nitrate, or 
acetate be employed except that the corresj)onding acid is liberated. J. S. Stas has 
shown that j^robablv no chloric acid or silver chlorate is formed in the primary 
reaction; Ag20+i^('l2+Jl2^b-2AgCl+2]IClO. If the silver oxide or carbonate 
bo in excess, the silver oxide gradually forms silver hypochlorite^ 2.H0C1+Ag20 
=2Ag0Cl+H20, which is readily soluble, and the soln. is stable so long as it is 
shaken with the excess of silver oxide present. This salt is partially decomposed 
on standing in darkness, and completely decomposed at 00'^ into silver chloride and 
chlorate : 3Ag0Cl:=^2AgCl-l-AgC103, and the latter remains in soln. in the alkaline 
liquid. J. S. Stas found no signs of the formatioji of perchloric acid. F. Ilaschig 
prepared silver hypochlorite by the action of alkaline vsodium hypochlorite on 
silver nitrate, and also by adding a soln. of silver nitrate to sodium azide, NaN3, 
or to a soln. of chloroazide in sodium hydroxide. 

A. .1. Balard found that gold or platinum are not affected by hypochlorous acid, 
either alone or mixed with sulpliuric or nitric acid. The last-named mixture, 
however, would probably act on both metals owing to the formation of free chlorine. 
No (jold hypochlorite has yet been prepared, 

A. J. Balard ® prepared an olive-green insoluble mass by the action of bromine 
water on cop])er oxide, vegetable colours are not bleached, but nitrogen is evolved 
from ammonia, and carbonic and other acids set free bromine. When heatcMl, 
oxygen, bromine, and water are given off, and copper oxybromide remains. The 
solid is possibly a mixture of bromine and copper oxybromide and not copper 
hypobromite. A. J. Balard also prepared a soln. which probably contained silver 
hsrpobromite by the action of bromine water on silver oxide. The jiroduct easily 
decomposes into bromide and bromate. F. W. Schmidt suggested that the white 
flocculcnt precipitate obtained by the action of iodine on a very dil. ammoniacal 
soln. of silver nitrate is possibly silver hSHi^oiodite. 
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The hypochlorites appear to be all very solulile in vv|iter, and they are so prone 
to decomposition that very few have been isolated. 

In addition to sola, of chloride of lime lime bleach liquar- -bloachinjj; liquids with 
magnesium, zinc, or aluminium hypoc'hloriles as llu' active agents have also bec‘n inaSo, 
and special virtues claimtxi for their use. For example, if magnosiuin sulphate be added 
to a soln. t)f bh'aeliing powder, eahuum sulphate is px’ocipitaled and a soln.- — magnesia 
bleach liquor — of magnesium hypochlorite' can be decanted off ; similarly with zinc hypo- 
chlorite— me bleach liquor ; and with aluininium hypochlorite — ahi7nma bleach liquor ^ or 
Wilsoti't! bleach liquor. 

In 1875, C. T. Kingzett ^ obtained feathery crystals of tetrahydiated calcium 
hypochlorite, Ca(0(.1)o.'lHo0, by the slow evai)oration of a filtered soln. in vacnb 
over sulphuric acid and caustic potash ; K. J. 1\ Orton and W. J. Jones obtained 
similar crystals from 4A''Solii. sat. with respect to this salt at temp, above 0^'. 

0. T. Kingzett and h\ WinteUu* also obtained (-ryst-als liy cooling soln. of blca<diing 
])owdor in a freezing mixture. I'iie former did not obtain satisfactory analytical 
numlters, and the latter, without analysis, statoil the crystals were calcium oxy- 
chloride. K. J. P. Orton and \V. J. Jones also obtained large prismatic (crystals 
of a basic liydrated comyiound of calcium chloride and hypochlorite from a 2A^-soIn. 
of bleaeliing powder which had boon left for sonu*. weeks in a cupboard in the dark 
in autumn and also by cooling to • 18^ in a freezing tnixture. Uie ratio CaClo 
to t'a(()Ci )2 in these crystals is nearly constant 1:1, but the cal(‘ium hydroxide 
varies very much. This shows i hat the base is associated with the (‘om})OUiid as an 
isomorphous mixture, or else a number of different basic salts arc in question. The 
latter hypothesis is not yirobable in view of the constancy of the ratio PaCl^ : 
CafOCl) 2 . U. Ditz obtained a substance corresponding witli Pa(.).(.'a,((.)Cl)Cl.li 2 <), 

1, e, 2 Ca((.)ir) 2 .Ca(.l 2 J-'fi( 0 (. 1)2 by the a(*4iou of chlorine on calcium hydroxide 

at — JO'', 'riie Chemische Pabrik ( JricslieinnEJektron obtained a j»;itent for the 
jjreparation of anhydrous ca-ystals of calcium hypochlorite by a jn(‘f hod similar to that 
employed by C, T. Kingzett. Tlie anhydrous (uystals, unlilce the hydrated crystals of 
C. T. J^ingzett, are less prone to decomposition t han the best blcio hing jiowdor. and it 
is sold as hffporil. The same iirin foinul tliat if a cone. soln. of slaked lime be 
chlorinated so that tlie sp. gr. of the lilten^d soln. is I' 1.5, com]K)un(ls of calcium 
hypochlorite and hydroxide are ]>reci])itated on passing in inore chlorine. It is 
said that tliere is a whole series of these basic hypocJdorit cs or calcium hydroxy- 
hypochlorites : Ca(0(l)2.7/(h(()JI)2. but only those with n - and 1 have been 
analyzed. These sparingly soluble c.onqiounds form well detined crystals which 
decompose with water, and they are said to be the cause of much of the niilkinoss 
of ordinary soln. of bleaching powd(‘r. The continued jiassage of chhuijie attacks 
these basic hypochlorites, until finally calcium hypoclilorite itself is |)rcci])itated 
either directly, or by tlic salting act-ion of calcium chloride. Jt was (mce assumed 
that if tlie sp. gr. of lime bleach-liquor exc(MHie<l the liy])ochloritc, was con- 

verted into chlorate by further <*hIorination ; but if slaked lime Ixi adchMl to a soln. 
of bleaching powder, the basic compounds are precipitated, and the jirccijiitatc.s dis- 
solve by tlie passage of more chlorine ; by rcipcating the addition of slaloxl lime, and 
treatment with clilorine, it is jiossilile to make cahuum liypochlorite soln. of any 
desired concentration sliort of the point whore (‘lystallized calciiun liypochlorite is 
precipitated. 

P. Grouvelle (1821) observed that a mol, of barium hydroxide absorbs two 
gram-atoms of chlorine;, forming a ])roduct from wliicJi all the chlorine is expelled 
by carbon dioxide in two days. A. J. Balard ( I8;i1) says that the direct combination 
of hy})ochlorous acid with the po\V(;rful bases is accomjianied by the development of 
much heat, and if the temp, is allowed to rise, the hy[)oelilorite which may be formed 
changes into chlorate and chloride. By neutralizing a well-c'oohxl soln. of tlie base 
with liypochlorous acid, A. J. Balard prc[>ared soln. of calcium, strontium, and 
barium hsrpochlorites, the existence of winch, he said, is inconlestable ; and added 
that calcium and barium hypochlorites servo for the preparation of other hypo- 
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; decoii||>psition. B. C. Brodie (1862) found that hydrogen 

perqkide. fujIUsHcs oxygen when treated with a soln. of chlorine in baryta water 
which^^r haft been passed to drive off the free chlorine^ C. Gopner (1873) 
that when hexahydrated barium hydroxide is treated with dry chlorine, 
:dihydrated barium chloride is formed as well as a product containing 28*5 per cent, 
of filiee bariiun hydroxide, and 20*33 per cent, of active chlorine. E. Schwarz 
found that baryta and strontia furnish products analogous to ordinary lime bleaching 
ipPwder (ijr.v.). 

J. J, Berzelius 11 evaporated in vacuo a mixture of theoretical amounts of bromine 
and calcium hydroxide, and obtained a dry odourless red mass supposed to be a 
mixture of calcium bromide and calcium hypobromite, Ca(BrO) 2 , together with 
some calcium bromate. The aq. soln. is yellow, and possesses bleaching qualities. 
A. J. BaJard obtained ^similaf results. According to C. Lowig, when the red solid 
is heated, it loses bromine, and then oxygen. Acids even so weak as carbonic 
acid, drive off the bromine. With silver nitrate a white precipitate is obtained 
which rapidly blackens in light. A. J. Balard obtained similar evidence of the 
iprmation of strontium hypobromite, and of barium hypobromite. The soln. lose 
. their bleaching properties in light, when heated, and when treated witli an excess 
of bromine — barium bromate, Ba(Br 03 ) 2 , is then precipitated. M. Berthelot gives 
for the heat of formation at 13° with one eq. in six litres of water, BaO+Br2==ir4 
Cals. According to J. S. Arthur and L. G. Killby, when the red bromine com- 
pound is heated to 100°, a bactericidal compound— ca/eium oTy-hypohromite, 
Ca 0 .Ca()Br 2 .Il 20 - stable up to 100°, is formed as a pale yellow powder containing 
about 33 per cent, of available bromine, and witli properties similar to bleaching 
powder. W. Knop has studied the action of nitrogen compounds on barium 
hypobromite. 

J, L. Gay Lussac found that iodine vapour is absorbed. by heated calcium oxide 
without the evolution of oxygen, and P. Grouvelle noted that the iodine is driven 
off if the temp, is raised still higher. C. F. Karnmelsberg found that 3 per cent, 
in weight is lost by the treatment. J. J. Berzelius evaporated in vacuo at 30° a 
mixture of iodine and calcium hydroxide so long as iodine was given off. A black 
mass was obtained which forms a dark brown soln. with water. There is nothing 
here to show that the iodine is merely absorbed or adsorbed by the calcium oxide. 
G. Lunge and R. Schoch obtained a bleaching liquid — presumably containing 
calcium hSTpoiodite* some iodate, and iodide- - by treating calcium hydroxide with 
iodine and water at ordinary temp. The soln. is not very stable ; it gradually 
changes in darkness, in light or when heated the change is more rapid still. 
R. L. Taylor showed that if iodine and lime are rubbed together with a little water, 
and diluted at once, instead of standing some hours before dilution as recommended 
by G. Lunge and R. Sclioch, better results are obtained, for the soln. then exhibits 
tlie eliaracteristic reactions of the alkali hypoiodites, 

P. Grouvelle (1821) obtained a bleaching liquid by passing chlorine gas into 
water containing magnesia in suspension. He noted that the bleaching jjower was 
not all destroyed by l)oiling i-he liquid for a quarter of an hour. On evaporation 
to dryness, the product decomposed into chlorine and magnesium oxide. A. J. Balard 
(1834) ])reparcd a soln. of magnesium hypochlorite by the action of hypochlorous 
acid on magnesium oxide, which, in the presence of an excess of acid gradually 
decomposed into a mixture of magnesium chloride and chlorate with the evolution 
of some oxygen. In the presence of an excess of the base, in vacuo, a similar 
decomposition occurs. G. Lunge and L. Landolt allowed chlorine to act on water 
with suspended magnesia, or in dry magnesium hydroxide, at 0°, and in the latter 
case they did not obtain a product like bleaching powder, but rather a mixture 
of magnesium chloride and hypochlorite. The hypochlorite is also formed at 15°, 
but at 70° nearl}'^ all is converted into chlorate. P. Bolley and M. Jokisch prepared 
magnesium hypochlorite by the action of magnesium sulphate on a soln. of bleaching 
powder, and A. D. White, by dissolving magnesium metal in hypochlorous acid. 

VOL. II. T 
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G Kereszty and K. Wolf ])assed chlorine into an aq> suspension of magnesia, and 
obtained what they regarded as a basic magnesium hypochlorite ; the most favourable 
temp is bctwoeir 20" and 22". J’rju^tically no chlorate is produced if, after the 
introduction of the cliloririo, the reactitig mixture is allowed to stand for a consider- 
able time, or be heated to 80'" and kc])t at that temp, for 6 to 8 hrs. in the dark. 
The precipitate is thoroughlv waslicd with hot water, and dried with the exclusion 
of carbonates dioxide. C. F. Cross and E. J. Bevan found that a white substance is 
formed at the cathode during tlie electrolysis of a soln. of magnesium chloride ; 

jj^ 3 ,aiiesiuin hypochlorite, ihis substance is not soluble in water, and it is 
stable, sfmilar substances were obtained during tlie electrolysis of magnesium 
bromide and iodide. 

P. Grouvelle obtained a similar result to that obtained with magnesium oxide 
by treating zinc oxide suspended in water with clilorine gas; and A. J. Balard 
found that when the liquid was distilled some hyjiochlorous acid collected in the 
distillate, while zinc chloride remained in the retort, where also some zinc oxyshlorido 
was precipitated. As with magnesiuiii hypochlorite, A. J. Balard likewise formed 
a solii. of zinc hypochlorite by t he ac tion of hypochloroua acid on zinc oxide. The 
soln. behaved in an analogous manner when the attempt was made to concentrate 
it in vacuo. A. J. Balard also prepared a similar soln. by double decomposition of 
zinc suljhate and an excess of calcium hypochlorite. G. Lunge and L. Landolt 
obtained a soln. of zinc hypochlorite by a process similar to that employed by 
P. Grouvelle. They found that some chlorate was formed when working at 15", 
and still more at higher temp. The zinc hypochlorite was found to decompose 
into zinc chloride or oxychloride and oxygen. Very little chlorate is j^resent in 
the soln. obtained by decomposing zinc sulplmte with a soln. of bleaching powder. 
The soln, of zinc hy])ochlorite is Jess stable than that of the calcium or magnesium 
salt. R. Bottg<*r found that hypochlorous acid has no a]>preciable action on zinc. 

By shaking l)romin(^ water with finely dividcil magnesia, C. Ldwig obtained a 
ycllovr liquid which at first hcliaved like an alkali towards litmus, but a more 
protracted action removed the colour, and when treated with weak acids gave oil 
bromine. It is therefore siqiposed to be a soln. of magnesium hypobromite. 
A. J. Balard found that the soln. is de<*oniposed by exposure to light, heat, or l)y 
evaporation in vacuo, and with an excess of bromine is couvc‘rted into magnesium 
bromide and bromate. 

J. L. Gay Liissac obtained a reddisli-brown tlocculent precipitate by agitating 
magnesia with iodine and watei- : the liquid (■ontained magnesium iodide and iodate. 
'fhe brown solid, once sujijiosed to be magnesium hypoiodite, decomposes when 
heated into iodine and magiu'sia, and when boiled with an excess of water forms a 
soln. of magnesium iodide, and iodate, and soliil niagnesiiim hydroxide. J. Walker 
and S. A. conclude, however, that it is simply a case of absorption of iodine, 

without any cheuiii-al combination, as was formerly assumed by K. Lenssen and 
J. Lowenthal. They find that this l>iown pnaipitate is ])roduccd when ])otash is 
added to a soln. of iodine in potassium iodide until the iodide just disajipears, and 
then a soln, of magnesium sulphate is added, magnesium hydrate being precipitated, 
and iodine manifestly liberat(‘d. 

A. d. Balard found mercury immediately decomjioses liypochlorous acid without 
the disengagement of any gas, l>ut mercury oxychloride is formed. P, Grouvelle 
reported previously that when chlorine acts on mercuric oxide suspended in water, 
mercury oxyibloride, very slightly soluble in cold water, is formed. L. J. ^fhenard 
found that the liquid contained both chloride and chlorate of mercury, also in soln. 
A. J. Balard, however, believed that these bodies are “ formed consecutively, and 
that their existence was yirecedcd by that of a 7H4>rcuric hypochlorite, as takes place 
with the salts of silver/' and, as previously indicated, he prepared hypochlorous 
acid by tlie action of chlorine on mercuric oxide suspended in water. No mercury 
hypobromite has yet been isolated. Inhere is a iiossible formation of mercury 
h^oiodlte, or more probably of hypoiodous acid, when iodine is shaken up with 
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water and mercuric oxide. The reaction has been studied by C. J. Kone, E. Lipp- 
mann, and K. J. P. Orton and W. L. Blackmann.i-'^ 

P, Grouvclle reported tliat aluminium hydroxide suspended in water through 
which clilorine was passed does not go into soln. Z. G. Orioli obtained a bleaching 
liquid by the decomposition of a soln. of bleaching powder with aluminium sulphate, 
and G. Lunge and L. Landolt found that any alnmmium hyj)ochlorite which may be 
formed immediately decomposes, liberating hypochlorous acid. A. D. White also 
found that aluminium is slowly attacked by hypochlorous acid, and the resulting 
aluminium hypochlorite immediately decomposes into aluminium hydroxide, 
oxygen, and clilorine. 

Iron filings immediately decompose hypochlorous acid with a brisk effervescence 
produced by the evolution of chlorine ; the iron is partly oxidized and in part dis- 
solved as chloride without the formation of any chlorate. A. J . Balard commented on 
this : “ The greater number of other metallic substances do nob decompose hypo- 
chlorous acid, and I am yet entirely ignorant of the cause of the peculiar behaviour 
of iron.’* P. Grouvelle passed chlorine through water with iron hydroxidejin 
suspension and a bleaching liquid along with ferric chloride was produced, and he 
found the liquid retained its bleaching properties after boiling for a quarter of an 
hour ; but A. J. Balard failed to confirm this statement ; lie could not make Jerric 
hypochlorite either (i) by the action of hypochlorous acid on iron hydroxide, for 
hypochlorous acid does not dissolve ferric oxide ; or (ii) by th(^, action of calcium 
hypochlorite on ferric sulphate, for calcium sulphate and ferric oxide are produced. 
Hence, adds A. J. Balard, “ferric hypochlorite cannot exist;” the results by 
P. Grouvelle are due to the formation of ferric chloride and hypochlorous acid in 
dil. soln. ; when the mixture was heated, a portion of the acid distilled off, and the 
reaction which occurred with the cold soln. was reversed, for ferric oxide and chlorine 
were formed. Ferrous oxide is oxidized to ferric oxide by hypochlorous acid. 

A. J. Balard found that stannous oxido is oxidized to stannic oxide, and*" the latter is 
not altered by hypochlorous acid ; chromic oxide is oxidized to chromic acid ; manganese^ 
nickel, cobalt, and lead oxides are also converted into peroxides by hypochlorous acid ; 
bismuth oxide and manganese dioxide are not altered by this acid. 
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§ 6. Electrolytic Processes for the Preparation of Hypochlorites, 
Hypobromites, and Hypoiodites 

Llectioljtic liloaching licjuids ar<' al.so jjivparwl by the electrolysis of solii. of 
sodium rbloridc ilic cost with dil. .solu. i.s about the same as with bicachiufr 
powder, but with more cone. ,soln. ttic. c.st. wit I. the electrolytic bleachiufi liciuid 
is rather greater than w.th bicachiujr powder. ( 'ouscrpientlv. for lauudrv bleachiufi, 
hue textile Idcacluufi, and other cases where dil. solu. arc used, the “electrolytic 
bleach IS ],referrc<l. hut this is not the ea.se wliore cone. .soln. are ii.sed-e.u. paper 
pulp hlcaclung sew-sfie treatment, etc. The electrolvtic bleaching liquor is more 
rapid in its action tl.an chluride of lime ; washing with acid is not necessary since 
there are no lime salts to remove ; ami there is less likeliiiood of irregularity in 
coiiipoj^ition and in action. 

In 18;)1 C. \\ atts i jiatented a process for jireparing chlorine, soda, hypocliloritca, 
and chlorates by the electroly.s,s of soln. of alkali chlorides; but little iirogress 
was made for many years In 1882, A. P. Lidoif and W. Tichomirolf described the 
preparation of hypochlorites by this jiroiiess, and in 1883, E. Hermite patented a 
process, for the preparation of electrolytic bleaching liquor, which has been used in 
several countries, but is now regarded as an obsolete process. 

Jr was made of ^iuc discs supported on two slowly 

rotating shafts running thi-ough oach cell, and separated from one ui. other by a partition. 



277 


THE OXIDES AND OXYACIDS OF CHLORINE, ET(\ 

The anodee were made of thin sheets of platinum held in a non-oond noting frame between 
the zinc discs. Sea water was early used as an electrolyte, and later a 5 per cent. soln. of 
sodium chloride with about one per cent, of magnesium chloride. The elect roly to was 
kept in circulation by means of a special piunp. 

Numerous other types of cell have been devised, and several of these have a 
much greater efllciency than the Hermite cell — e.fj, K. Kellner’s, 2 Sohuckert and Co.’s, 
M. Haas and F. Oettel’s, and V. Bchoop’s systems. The clectroljd^ic production of 
chlorine and caustic soda, of bleaching liquors, and of disinfecting liquid — e.g. the 
so-called Dakin’s solution — are growing industries. 

In K. Kellner’s ceU, the electrodes are made of glass or other non-conducting material 
with wire or strips of an alloy of platiniun-iridiurn fixed on the surface. These plht<*s are 
arranged vertically side by side in a stoneware or glass trough so as to divide the cell 
into a number of narrow compartments. The brine enters the cell through two inlets in 
the bottom and flows upwards between the narrow plates, where it is electrolyzed by the 
current which enters and leaves the cell 
by two conducting plates placed at opposite 
ends of the cell. The wire gives a current 
of high density. The electrolyzed brine 
escapes through slits in the walls on 
opposite sides of the cell. V. Hdlbling, in 
liis Die Fabrikation der DUichmaiervilien 
(Berlin, 1902), describes the installation 
of Siemens and Halske. A stream of 
water trickles through a cylinder packed 
with salt, and the issuing brine is filtered 
through a cloth, whence it passes into a 
tank, whore it is mixed with sufficient water 
to give it the correct specific gravity. The 
brine thence pa.sse8 to a storage tank, Fio, 4.- — Arrangement for Prejjaration of 
whence it is run as required to another Bleaching Li(|uoi‘. 

tank At Fig. 4, which contains a louden 

worm piping in order to keep the temp, of the brine low. The electrolytic cell (■ is fixed 
above the tank A, A ptimp F sucks tlio brine along B, and forces it through /), wdiilc the 
tap E is turned to shut off connection with F. The brine rises in (he c^-11, and the 
electrolyzed liquid runs back into the tank A. This circulation of the brine is continued 
until the licpiid contains the desired quantity of bleaching chlorine, wlien the stopcock E is 
turned and the bleaching liquor forced by the pump through F to the storage tank. 

The work of F. Forster and E. Muller, described in the former’s Eleclroehemie 
miHseriger Imungen (Lei])zig, 1917),^ has shown that when a 10 per cent. aq. soln. 
of sodium chloride is electrolyzed between platinum electrodes, liydrogen and 
sodium hydroxide are produced at the cathode, and chlorine at the anode. The 
discharge potential of Na‘-ions is — 2*72 volts, and this is much greater than —0*4 
volt, the discharge potential of H*-ions, so that hydrogen is preferentially dis- 
charged, and that even from a strongly alkaline soln. Conse([iiently, although 
requiring a certain over-voltage, the production of hydrogen during the electrolysis 
of a soln. of sodium chloride is primary and not secondary. These relations can 
be reversed by discharging the sodium, not as a pure metal, but as an alloy with a 
cathode of, say, mercury, tin, or lead ; or by using a cathode metal which has a 
high hydrogen over-voltage. For a sat. soln. of chlorine at atm. press. (0*004 mol. 
per litre), and normal with respect to CT-ions. the discharge potential is —1*067 volts, 
and chlorine cannot be liberated at atiii. press, if the potential difference is less 
than this value. With an acidic soln., normal with respect to 11* -ions, hydrogen 
is liberated at - 0*277 volt. Although a soln. of sodium chloride is neutral at 
the commencement of the electrolysis, it becomes increasingly alkaline as the 
electrolysis progresses ; this diminishes the comS^iitration of the H*-ions. If the 
soln. of alkali hydroxide about the cathode be assumed normal, the discharge 
potential will be 0*54 volt. The cell will then have a voltage 0*54 — ( — 1*667)— 2*2 
volts. The decomposition potential for the continuous electrolysis of a cone, 
soln. of sodium chloride requires 2*1 to 2*3 volts. Hydroxyl ions are liberated in 
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a normal hydroxide soln. with a ]>otential — 1‘1(1 volts, and there is therefore a 
difference of nearly 0-5 volt between the discharge potential of chlorine and hydroxyl 
ions, and oxygen not chlorine would therefore be the product of the electrolysis 
of strongly a^line soln. of sodium chloride were it not for the fact that the potential 
of an anode from which oxygen is liberated steadily increases up to the point at 
which chlorine is set free. 

If during the electrolysis of a soln. of sodium chloride, cathodic sodium hydroxide 
and anodic chlorine are desired, the anode and cathode liquids must be prevented 
from mixing by means of a diaphragm as in the electrolytic processes for chlorine ; 
while if hypochlorite, chlorate, or perchlorates be the desired products, the anodic 
and cathodic liquids must be continuously mixed. The chlorine from the anode 
then reacts with the hydroxide from the cathode, forming the alkali hypochlorite. 
If the mixing of the liquid is good, the reaction : Cl2+2NaOH==NaOCi--[~NaCl-f‘H20, 
is almost quantitative. There will be a tendency for the chlorine to accumulate 
about the cathode, and in that case, there will be a high concentration of hypo- 
chlorite in that neighbourhood, and a corresponding tendency to form sodium 
chlorate : 3 Na 0 Cl--NaC 103 + 2 NaCl, at the anode. The amount of chlorate formed 
about the anode will be less the better the circulation and the lower the temp, 
of the electrolyte. The rate of decomposition of tlie neutral liypochlorite is small, 
and the action would proceed until the soln. becomes sat. with sodium hyjiochlorite 
were it not for the nascent hydrogen produced on the cathode exerting a reducing 
action on the hypochlorite whereby the oxidized salt, NaOOI, is reduced back to 
the chloride : 2NaOCld-21l2— 2NaCl [ 21120. Consequently, the concentration of 
the hypochlorite will reach a maximum value and remain stationary when the 
rate of formation of hypochlorite about the anode is equal to its rate of reduction 
about the cathode. 

In 1898, P. Imhoff discovered the imjxjrtant fact that the reduction at the 
cathode can be prevented by adding a very small jiroportion of potassium bichro- 
mate, K 2 Cr 207 , to the electrolyte, and E. Miiller showed that the chromate about 
the cathode is reduced to chromium chromate, 0 r 2 (Cr 04 ) 3 , which forms an insoluble 
film on the cathode and prevents the soln, (‘oming into actual contact with the 
electrode and into the sphere of action of nascent hydrogen. Jf the electrolyte be 
strongly acid or alkaline, the film is dissolved, and tJic action of tlie anti-nniucing 
agent is cither prevented or retarded. Vanadium salts, sodium resinate, and, 
as A. Thiele has shown, organic non-aromatic sulphur compounds in the presence 
of calcium salts can be used as anti-reducing agents in a similar manner. 

There is another reaction which limits the possible concentration of the hypo- 
chlorite in the electrolyte, namely, the electrolysis of the dissolv'cd hypochlorite 
resulting in the liberation of oxygen and chlorine: ICIO'- j-21l20-'4HC-l-l ; 

and 2 HCl"H 2 cai!) 0 (i«+Cl 2 afi(»(ini aud the simultaneous formation of chlorate: 2(10' 
-fH2(3==::^2H(l(J3. 8ym})olizing these two reactions by one equation : 6C10' 

+ 3 H 2 O— -6H*-|-2C103'-hld^d-H02. This reaction- anodic chlorate formation 

occurs only at the anode and not througliout the electrolyte. In the stationary 
state, therefore, when the concentration of the hyjiochlorite is a maximum, the 
rate of formation of the hypochlorite less the rate/ of its reduction at the cathode 
\^1 be equal to the rate of electrolysis of the hypochlorite. The discharge of the 
six CIO -ions requires the passage of 12 coulombs of electricity ; so that in the 
stationary state, two-thirds of the current will be spent in producing chlorine which 
reacts with the alkali hydroxide to form hypochlorite, and one-third in the elec- 
trolysis of the hypochlorite. Otherwise expressed, GO’fi per cent, of the current will 
be spent in the production of (ivailable oxygen in the form of sodium chlorate, 
NaCKJg, and 33*3 per cent, in the production of free oxygen. This fact has been 
established by experiments with brine over a wide range of concentration, current 
density, and temp. 

The reduction of the hypochlorite at the cathode, and the chlorate formation at 
the anode, become more difficult by increasing the current densities at these electrodes, 
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for the greater the quantity of chlorine coming from the anode, the less the oppor- 
tunity of the hypochlorite reaching the anode; and, likewise, the smaller the 
cathode, the less chance will the hypochlorite have of coming in contact with the 
nascent hydrogen. The resistance of the more cone. soln. is less. The maximum 
hypochlorite concentration is less in dil. than in cone. soln. of sodium chloride 
because in the former case the hypochlorite must carry relatively more current. The 
resistance of the more cone. soln. is less. E. Muller (Fig. 5) illustrates the electrolysis 
of a neutral 4*37iV-soln. of sodium chloride with a current density on the anode 

of 0*076 amp. and on the cathode 0*18 amp. . ^ ^ ... 

per sq. cm. The concentration of the hy 2 ) 0 ' ^ 
chlorite and chlorate oxygen is in grama j)er ^ 

100 c.c. , the current yield, etc. , are expressed 
in terms of the percentage of active oxygen. / 4 
It will be seen that the concentration of the ^ | 

chlorate is very low at first, but that it SJ, 
increases as the concentration of the hypo- ^ 
chlorite becomes constant, showing that | 
hyq>ochlorite is j^robably one of the first ^ o-e 
products of the electrolysis, and tlie start- 
ing-point for the formation of the chlorate, g 
and for the evolution of oxygen. 

If the soln. of sodium chloride to be o t i j 4 5 6 ^ d a to 
electrolyzed is acidified with hydrochloric « « . . , 


acid, the acid ia first electrolyzed, and this k^ctr';r;8i8 of Sodilm 
continues iintjl the soln. is nearly neutral, 

but the trace of hydrochloric acid which escapes electrolysis liberates hypochlorous 
acid, which then decomposes and incjreases the yield of chlorate. If acid be added 
1o the soln. before the hypochlorous acid has attained its maximum concentration, 
all the hyjjochlorous acid in soln. is oxidized to chlorate, and if the addition of acid 
be similarly continued, 90 per cent, of the theoretical yield of chlorate can be 
obtained. Similar results can be obtained by keeping the soln. slightly acid by 
the addition of potassiuiii acid fluoride, KHF 2 , or alkali bicarbonate. 

If the soln. of sodium chloride be made alkaline by the addition of alkali hydroxide 
the maximum concentration of the hyj)OchIorite becomes 
less as the alkalinity of the soln. is increased and the ^ 
chief products of the electrolysis are chlorate and free 
oxygen. The relative yields of hypochlorite and chlo- ^ 
rate during the electrolysis of soln. of 20<) grins, of 
sodium chloride, and various amounts of tlie hydroxide ^ ^ 
per litre of soln., are indicated in Fig. 6, with an anode 
current density of 0*04 amp jier sq. cm. It is assumed ^ * 
that the reaction representing the formation of chlorate ^ 

in neutral, and in slightly and in strongly alkaline soln. ^ ^ 10 zo ao 40 

is: 6C10'4“3H20:^2C10;^'+4C1'+6H*+Ii02, but that Grm NaOH perVtre 

in strongly alkaline soln., the chloride and hydroxyl ions Fig. 6.— The Effect of Alka- 
react immediately on the anode to form hypochlorite. lijiity on the ElwtroJysLs 

The higher hypochlorite concentration on the anode chloride ^ ^ 

increases the production of chlorate ; and when the 

alkalinity exceeds a certain value, the hydroxide is also electrolyzed, and the h 3 ^droxyl 
ions discharged at the anode reduce the yield of chlorate below the maximum 
indicated in Fig. 6. The effect of temp, on neutral soln. decreases the hypochlorite 
maximum, but in strongly alkaline soln. it increases the maximum. 

To summarize ; tlie production of sodium hypochlorite is favoured by (i) 
Neutral cone. soln. of sodium chloride ; (ii) Low temp. ; (iii) High anodic current 
density ; (iv) The presence of potassium bichromate ; and (v) An adequate circula- 
tion of the electrolyte. G. E. Cullen and R. S. Hubbard have studied the best 



10 zo ao 40 
Grim NdOH pertitre 





280 


INORGANIC AND THEORETICAL CHEMISTRY 


conditions for the production of a dil. soln. of sodium hypocUorite to be used as 
Dakin’s solution. 

R. Lorenz and H. Wehrlin have also shown that the use of platinized platinum 
electrodes increases the maximum concentration of the hypochlorite. Carbon 
electrodes have a 10 to 28 per cent, porosity ; and the soln. which fills the pores 
is electrolyzed, but the dissolved salt in the pores cannot be renewed as rapidly 
as the solii. about the surface of the electrode, and consequently the evolution of 
oxygen and the production of chlorate begin sooner, and the maximum concentra- 
tion of the hypochlorite is less than with platinum electrodes. Part of the oxygen 
also oxidizes the carbon, and this makes the electrolyte slightly acid, thus favouring 
chlorate production. 

E^obromites. — ^During the electrolysis of soln. of an alkali bromide,^ free 
bromine and oxygen are discharged at the anode, and the bromine unites with the 
sodium hydroxide formed at the cathode, producing alkali hypobromite. As in the 
analogous formation of hypochlorites, the concentration of hypobromite increases 
up to a maximum when any further electrolysis furnishes bromate. The free 
oxygen, derived from the hydroxide produced by the hydrolysis of the hypobromite, 
is evolved at the anode in increasing quantities as the concentration of the hypo- 
bromite increases. Alkali bromate is produced (n) by the secondary oxidation of 
alkali hypobromite by hypobromous acid : NaOBr t-2H0Br=HBr03-l-HBr-|-NaBr ; 
and (6) by* the direct oxidation of the hypobromite : HOBr + 02— HBrOs- Unlike 
the analogous case with hypochlorites, there is virtually no electrolysis of the 
hypobromite. The conditions favouring the formation of hypobromites resemble 
those with hypochlorites. H. Pauli lias shown that, excepting cases where a 
chromate is used to prevent reduction on the cathode, both bromates and 
hypobromites are reduced on a smooth platinum cathode. 

Bypoiodites. — In the electrolysis of a soln. of alkali iodide,^ the iodine liberated 
at the anode unites with the alkali hydroxide from the cathode to form liypoiodite. 
The very rapid hydrolysis of the hypoiodite leads to the formation of iodate : 
2HI04-KI0r4=:KI03+2Hf> ^^^d this even in alkaline soln. The result is analogous 
with that obtained with slightly acid soln. of hypochlorites, so that the hypoiodide 
quickly reaches a limiting maximum conceritnition — dependent on the concentra- 
tion of iodide and iodate, the current density, and the temp.- -when the product is 
exclusively iodate. Increasing alkalinity increases the maximum concentration 
of the hypoiodite, but decreases that of the hypochlorite. This difference arises 
from the different way.s the iodate and chlorate are formed in the two cases. Since 
hypoiodites can never become very cone,, the amount of hypoiodite electrolyzed 
is therefore very smalb; accordingly, the evolution of oxygen at the anode is 
entirely due to the electrolysis of the hydroxide, and is not concerned with the 
formation of iodate. 
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§ 7 , Chlorineo Bromine^ and Iodine Triozides ; and the Corresponding 

Acids 

A greenish-yellow gas supposed to be chlorine trioxide» CI2O3, or chlorous 
anhydride, was prepared by N. A. E. Millon^ in 1843, and described in his Mdmoire 
sur les comhinaisons oxygines du chlore. The gas was made by the partial reduction 
of chloric acid, HCIO3, with a mixture of arsenious oxide, As^^Oa, and dih nitric 
acid. It was supposed that the nitric acid was reduced to nitrogen trioxide, N^Os, 
simultaneously with the oxidation of the arsenious acid, H3A8()3, to arsenic acid, 
H3ASO4, The chloric acid was reduced by the nitrogen trioxide to chlorine trioxide, 
as the nitrogen trioxide simultaneously reoxidized to nitric acid : 2HCIO3+N2O3 
=Cl203+2HN03. Several other methods of reduction were employed — e.g. 
M. Brandau reduced the chloric acid directly with arsenic trioxide without the 
use of nitric acid ; J. Schiel used cane sugar ; L. Carius, benzene ; and T. Hermann, 
naphthalene, W. Spring also claimed to have made the gas by the action of 
chlorine on silver chlorate, AgClOs, The gas product of these reactions, supposed 
to be chlorine trioxidc, was analyzed, its density determined, and its properties 
tabulated. The results obtained by different observers did not agree. K. G. Thurn- 
lackh showed that the general properties of the supposed chlorine trioxide ran parallel 
with those of chlorine dioxide ; he found that when the gas is decomposed by heat 
it undergoes an expansion which is equal to half the volume of oxygen set free. 
If the gas were CI2O3, the volume of oxygen set free should be equal to the observed 
expansion ; 2CI2O3 (2 vols.)“2Cl2 (2 vols.)+302 (3 vols.). The corresponding 
result for chlorine dioxide, C102> is : 2CIO2 (2 vols.)^Cl2 (1 vol.)+202 (2 vols.), 
K. G. Thurnlackh therefore concluded that the supposed chlorine trioxide or 
chlorous anhydride is a mixture of chlorine and chlorine dioxide with a little oxygen 
and carbon dioxide. The calculated density of chlorine trioxide CI2O3, (air unity), 
is 4*1, and M. Brandau obtained 4 07 at 9^ ; 3*17 at 16"^ ; N. A. E. Millon and 
J. Schiel obtained between 2*6 and 2'7. W. A. Miller (1845) 2 andD. Gernez (1872) 
reported that the absorption spectra of chlorine trioxide and chlorine dioxide are 
identical, while chlorine monoxide gave no bands. As A. Schuster remarks : 

As no other case is known in which two different compounds give the same spectrum, 
and as the oxides of chlorine are very unstable, there is no doubt that the spectrum of one 
of them only was observed, that gas to which the spectrum belongs being also present 
when the other oxide was examined. 

D. I. Mendeleeff noted that a mixture of equal volumes of chlorine, chlorine di- 
and tri-oxides has a density corresponding with the value observed by N. A. E. Millon, 
and therefore inferred that Millon’s gas “ probably contains a mixture of approxi- 
mately equal volumes of chlorine dioxide, CIO2, chlorine trioxide, CI2O3, and chlorine.’* 
There is, however, no unimpeachable evidence which justifies even this assumption ; 
and it is now suppposed that the existence of the chlorine trioxide, the anhydride 
of chlorous acid, has not been established. 

Chlorous acid. — The acid liquid obtained when chlorine dioxide, CIO2, is dis- 
solved in water is a mixture of chloric acid, HCIO3, and chlorous acid» HCIO2. 
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The. reaction is symbolized: 2CIO2+H2O— HC102+“HC10.‘j, so that the aq, soln. 
of N. A. E. Millon's chlorine trioxide will contain a mixture of chloric and chlorous 
acids and chlorine, and a soln. of the same gas in alkali lye will contain a mi^ure 
of the alkali hypochlorite, chlorite, chlorate, chloride. The chlorites are accordingly 
formed when soln, of chloric acid, HCIO3, or chlorine dioxide, Cl()2, aro partially 
reduced by the methods employed for the preparation of chlorine di- and tri-oxides. 
J. E. de Vrij ^ prepared the acid by reducing chloric acid with tartaric acid. G. Bruni 
and G. Levi used oxalic acid : 


A mixture of 160 parts of oxalic acid, 40 of potassium chlorate, and 20 of water is 
heated to 60®, and the soln. cone, in vacuo at 50° until it begins to ciystallizo. The cold 
liquid id then treated with 3 volumes of absolute alcohol, when potassium carbonate is 
precipitated. Fine deliquescent needles of potassium chlorite can bo obtained by fractional 
crystallization in vacuo. The residue gives a further crop of crystals of the chlorite by 
treatment with 95 per cent, alcohol. Small yellow crystals of silver or lead chlorites can 
be obtained by double decomposition. 

J, L. Gay Lussac also noted the formation of calcium chlorite when bleaching 
powder —solid or solution— is decomposed in sunlight. K. G. I'hiirnlackh and 

K. F, von Hayn prepanxl a mixture of potassium chlorite and cJilorate by the 
action of chlorine dioxide on potash lyc : 2CIO2 f 2 KOJI~ KClOg ( KC1()3 +Hj; 0. 
A, Kcychler found that if sodium peroxide is mixed with an aq. soln. of chlorine 
dioxide, the yellow colour of the soln. disappears as soon as suilicient sodium 
peroxide has been added, and the amount of oxygeji evolved coiTesj)onds with the 
reaction : Na202+2C102-- 2NaCI()2 h()2 ; and G. Bruni and (J. Levi prepared 
barium chlorite by the action of a mixture of chlorine and carbon dioxides, free 
from chlorine, upon barium peroxide suspended in a soln. of hydrog(*n peroxide. 
The liquid was extracted with alcohol ; the extract treated with an excess of ether ; 
and the jjrecipitated chlorite rapidly dried to free it from traces of ether and alcohol. 
\V ith rapid filtration and drying, the barium chlorite, BaftJlOo)^, is obtained virtually 
free from chloride. B. Carlson and J. Gelhaar stated that appreciable (juantities of 
chlorite are formed in the elect rolytic produetion of chlorates, but F. Forster and 
P. Dolch have shown that the merest tracics arc formed, and that the test em])loyed 
by the former was vitiated by the pn^sence of ])roinidevS. F. Forster and P. Dolch, 
as ])revioasly indicated, regard sodium chlorite as an intiTincdiate product in the 
conversion of hypochlorites to chlorates. 

A colourless aq. soln. of the free acid is ol>tained by treating barium chlorite 
with A^-sulphuric acid. When acidified with dil. sulphuric acid, there is a slow 
decomposition with the formation of chlorine dioxide, and the appearance of a yellow 
soln. may be regarded as a test for tlie presence of chlorites. I'liis decomposition 
is hastened by the presence of (dilorides and hypoc]jl()rit(*s, and retarded by a small 
pioportion of arseriious oxide, so that in this latter reagemt the soln. remains colourless 
over an hour. It is highly ])robable that the colourless soln. contains hypochlorous 
acid. The hypochlorous acid iu soln. probably reaed.s slowlv with chlorous acid, 
forming chlorine dioxide : HC10+2HCd()2-:2Cl()2+H{Jl + H,b. The reaction is of 
the second order. Hence it may he that pure t hlorous acid is fairly stable. The 
reaction betweem chlorous and chloric acids is nut of the balanced type, since other 
substances besides chlorine dioxide are produced, and the proportion of chlorate 
in the system continually increases: 3HC1G2--2JI( '!()., | H(U, and possibly also: 
8HC102=-Cl2+bCl()of4H20. ^ 

The reaction: 2Cl02d~2K()H“KCl()2 j"KC103-f- lf2G, makes it appear as if 
chlorine dioxide is a mixed anliydride of chloric and chlorous acids. According 
to W. Bray, the reaction progresses in accord with the equation: d[C102]/(/^ 
— ^’[C102]“[K0H], where the bracketed symbols refer to molecular concentrations. 
It is therefore assumed that the primary reaction is 2(;102+KOH=::KC103+HC102, 
followed by the rapid : HClOg+KOH^r-rKClOo+HaO. The end of the reaction : 
2CIO2+2KOH—H2O+KCIO2+KCIO3, is recognized by the decolorization of the 
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soli). The product is comparatively stable, since W. Bray could recognize no cliange 
in the oxidation value of the soln. after six months. W . Bray also found that when 
a soln. of chlorine dioxide is treated with sodium acud carbonate, NaHCOs, Inhere 
is a very slow reaction; 2 NaHC 03 + 2 C 102 +H 20 =NaC 103 +Na(n 02 + 2 l£ 2 C 03 , 
which occupies some weeks in darkness at 0 °. 

The chlorites. — Chlorous acid is monobasic, and forms salts of the type M'C 102 , 
and also red acid salts which have not been isolated in the solid state. The salt of 
the alkalies and alkaline earths are colourless and hygroscopic. All the chlorites 
are soluble in water — the lead and silver salts are but sparingly soluble. The 
soln. undergo no appreciable hydrolysis. The chlorites are also fairly soluble in 
alcohol. G. Bruni and G. Levi determined the electrical conductivity of aq. soln. 
of potassium, silver, and barium chlorites, at 25"'. The mobility of the chlorite 
ion, 0102 ', is between 50*6 and 51*7, so that the ion mobilities of the oxy chlorine 
ions are : CIO 2 ', 51*0 ; CIO 3 ', 63‘4 ; CIO/, 73 6 , showing that the ionic mobility 
increases with increasing oxygen content ; the reverse obtained with the oxy- 
nitrogen ions — NO 2 ', 75*4 ; NO 3 ', 70*6. The degrees of ionization of potassium 
chlorite determined by cryoscopic measurements are respectively a =0*930 ; 
a^0*920 ; a=0‘935 ; and a~0*959 for soln. containing 1*0656 grins, of salt per 
10, 15, 20, and 40 grms. of water. Tl»e soluble chlorites form caustic soln. which 
bleach vegetable coloiiring matters, indigo blue, etc., even after the addition of 
arsenious oxide. Hypochlorites also bleach vegetable colouring matters, but not 
after the addition of arsenious oxide. Chlorous acid is a very strongly oxidizing agent, 
and in this respect resembles chlorine dioxide ; on the other hand, the chlorites — 
in alkaline soln. — do not exert so strong an oxidizing action. Iodides are oxidized 
toiodates: 3 HCIO 2 + 2 KU- 2 KIO 3 -I- 3 HC]. 

N. A. E. Millon^ prepared soln. of potassium chlorite and sodium chlorite by 
adding chlorous acid slowly and gradually to a soln. of the alkali liydroxide until 
the product has a yellow colour. By rapidly evaporating the soln. to complete 
dryness, a deliquescent salt was obtained which, at 160^, decomposes into chlorate 
and (’hloride. This decomposition occurs if the soln. be slowly evaporated in vacuo. 
If an excess of chlorous acid is used with the potash-lye, a red liquid is obtained 
which gives off the acid on evaporation, and leaves a residue of the neutral salt. 
It has been suggested that the red liquid is a soln. of acid pota^ssium chlorite. 

K. G. Thurnlackh and K. E. von Hayn prepared a mixed soln. of potassium 
chlorate and chlorite by the action of potassium hydroxide free from chlorine on a 
soln. of chlorine dioxide. Liglit was carefully excluded, and the soln. was evaporated 
in vacuo at 45'"-50° —potassium chlorate separated out first, and after further 
evaporation, alcohol was added, and the clear alcoholic soln. evaporated. Needle* like 
crystals of potassium chlorite, KCIO 2 , were obtained which deliquesced on exposure 
to air. As already indicated in connection with the preparation of the acid, G. Bruni 
and G, Levi made the potassium chlorite by reducing a soln. of potassium chlorate 
with oxalic acid ; and A. Reychicr, sodium chlorite, by the action of chlorine dioxide 
on a soln. of sodium peroxide. Sodium chlorite, NaC 102 , can be also made by 
double decomposition by treating a soln. of barium chlorite with sodium sulphate 
and evaporating the clear soln. in vacuo. 

N. A. E. Millon found that a soln. of alkali chlorite gives a yellow precipitate 
of lead chlorite, Pb(C 102 ) 2 , or of silver chlorite, AgC 102 , when treated respectively 
wdth lead or silver nitrate. On recrystallization from hot water, lead and silver 
chlorites are obtained in yellow plates. J. ycbiel also made lead chlorite by treating 
a soln. of barium or calc*ium chlorite with lead nitrate ; an excess of the lead nitrate 
is to be avoided because of its solvent action. Fine sulpliur yellow crystals can be 
obtained from a w'^ariii soln. — 50°-60^ — of the salt in calcium chlorite. The dry 
salt explodes at 126'' according to N. A. E. Millon, at 100 '' according to J. Schiel. 
It explodes when trituiatcd with flowers of sulphur or antimony sulphide. It 
behaves like silver chlorite with hydrogen sulphide and with sulphuric acid. 

If a trace of free chlorous acid is present with the precipitated silver chlorite, 
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N. A, E, MUlon found that the chlorite decomposes readily into the chloride and 
chlorate : 3AgC102==AgCl-l-2AgC103 ; and that the dried salt decomposes with 
detonation at 105'" ; when in contact with hydrochloric acid ; or when rubbed 
up with flowers of sulphur. K. U. Thiirnlackh and F. H. von Hayn say that 
the yellow colour of silver chlorite is bleached white in sunlight, but the salt is 
not decomposed by boiling water; it" is rapidly reduced by sulphur dioxide ; and 
when treated witli sulphuric acid, a gas is evolved which has the colour and 
smell of chlorine dioxide. When hydrogen sulphide is passed over lead chlorite, 
black lead sulphide is first formed, and this oxidizes to white lead sulphate. J. 
Schiel seems to have obtained mixed crystals with lead chloride varying in com- 
position between 6Pb(C102)2-^FbCl2.Pb0 and 2Pb(C10g)2.PbCl2. G. Bruni and G, 
Levi treated silver (chlorite with cone, aqua ammonia, and obtained yellow crystals 
of monammino-silver chlorite, AgC102.NH3 ; when a soln. of silver chlorite in 
ammoniated alcohol is treated with anhydrous ether, white crystals of the 
diammino-sUver chlorite, AgC102.2NH3, are obtained ; and when dry gaseous 
ammonia is passed slowly over gaseous silver chlorite, a white crystalline precipitate, 
of the triaimiiino-silver chlorite, AgC102.3NH3, is formed. The two last-named 
ammino-salta are unstable in air, they lose ammonia, and become yellow. The 
three ammino-silver chlorites resemble the corresponding ammino-silver nitrites. 

Calcium chlorite, Ca(C102)2 ; strontium chlorite, Sr((^J02)2 ; barium chlorite, 
Ba(C102)2 ; and lithium chlorite, LiC102, were prepared by G. Bruni and G. Levi 
by the process previously indicated for barium chlorite. N. A. E. Millon made 
barium and strontium chlorites by the action of chlorous acid on the respective 
hydroxides as in the case of the alkali salts. Barium carbonate is not decomposed 
by the acid. N. A. E. Millou found the barium salt decomposed at 235"", and he 
added that the strontium salt decomposed less easily than the barium salt. I’lic 
decomposition of barium chlorite in a bomb calorimeter gave Ba(Cl02)2=BaCl2 
4-202+48*6 Cals. ; and hence follows Ba+Cl2+202=Ba{CJ02)‘>Hoiki+148'4 Cals. ; 
BaCl2+02:-=Ba(C102)2-48*6 Cals. ; Ba(C10o)2+02=Ba(C103)2+22*4 Cals. ; and 
Ba(C103)2+02— Ba(CU)4)24'3()*2 Cals. Consequently, with compounds of chlorine, 
in different degrees of oxidation, tlie heat of formation is less endothermic, i,e, more 
exothermic the higher the degree of oxidation. A. Angeli obtained an analogous 
result with the oxygenated nitrogen compounds,^ 

N. A. E. Millon sat. an aq. soln. of chlorous acid with ammonia. The soln. 
had bleaching qualities, and decomposed when evaporated. It is supposed to 
contain unstable ammonium chlorite. Hydroxylamine chlorite is unstable at 
ordinary temp. ; it can be made like sodium chlorite, by treating barium chlorite 
with hydroxylamine sulphate. Mercuric chloride gives no precipitate with the 
chlorites. Mercuric chlorite, HglClOo).^ possibly a basic chlorite, 3Hg(C102)2-Hg0 
—is prepared as a red crystalline precipitate by treating mcrcniric nitrate with 
barium or potassium chlorite, in not too dil. a soln. The dry salt is very unstable, 
and explodes spontaneously. Mercurous chlorite, HgC102, is obtained as a yellow 
crystalline salt by a method analogous to that used for the mercuric salt. The 
precipitate becomes white with an excess of the reagent ; and the yellow salt 
reddens in air. The properties of the two mercury salts are similar in many res]>ects. 

Chlorites can be determined from the amount of ferrous iron oxidized to the 
ferric state : 4FeS04+HC102+2H2S04-2Fe2(S04)3+HCl f 2HoO. Neutral ferrous 
sulphate soln. give a brownish-yellow coloration with cold chlorite soln. ; with 
hot soln., there is an ochreous deposit and an evolution of chlorine. When slightly 
acidulated, chlorites give a transient amethyst tint to a soln. of ferrous sulphate — 
E, Lemsen^s reaction, Ferrocyanides are oxidized to ferricyanides. Potassium 

5 )ermanganate is decolorized, and a brown precipitate of hydrated manganese 
lioxide is formed. Brucine and diphenylamine give similar colorations with 
chlorites and chlorates ; and tlic reagents for the nitrites give similar colorations 
with the chlorites. Solid chlorites deflagrate with sulphuric acid more energetically 
than do the chlorates. M. Brandau found that the chlorites, when heated, gave a 
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chionde and oxygen with the intermediate formation of a chlorite as well as 
chloride, 

Bromous acid. — A. H. Richards^ stated that while the addition of an excess of 
a cold aq. soln. of silver nitrate to bromine water produces hypobromous acid, on 
adding a large excess of bromine water to a soln. of silver nitrate, it is probable 
that the hypobromous acid, HOBr, first formed : Br2+AgN03+H20— HOBr 
4*AgBr+HN03, and the hypobromous acid is subsequently oxidized to bromous 
acid : 2AgNO0+HOBr4-Br2+IT2O=HBrO2+2AgBr+2HNO3. The excess of 
bromine can be removed by a stream of air ; or by shaking with carbon disulphide. 
Analyses show that the ratio of the bromine to the oxygen in the solute is approxi- 
mately as 1 : 2. The absence of hypobromous acid shows that the product is not 
a mixture of hypobromous and bromic acids. Attempts to make bromine trioxide, 
Br^Oa, or broi/MW anhydride^ have not been successful. 

Iodine irioxide* — ^In 1859, T. Andrews and T. G. Tait ^ found that ozone immedi- 
ately attacks iodine, forming a greyish-yellow powder, and the ozone is destroyed 
without change of volume. It has been stated that the })owder is iodine monoxide, 
I2O, but J. Ogier’s analysis of the light yellow dust, obtained in small quantities 
by the action of a mixture of oxygen and ozone upon iodine vapour, corresponds 
with the formula I2O8. The powder is very deliquescent ; it is decomposed by water, 
forming iodic acid and iodine, and by heat into iodine and oxygen, with a small 
residue of iodic acid, J, Ogicr demonstrated the various stages in the oxidation 
of iodine by passing an electric discharge continuously through a tube containing 
oxygen and the vapour of iodine. In the lowest part of the tube is a layer 
of this oxide, and then follows iodine dioxide, IO2 or l20^; iodic anhydride, 
I2O6 ; and periodic anhydride, I2O7. P, Chretien prepared yellow cr}’'stals 
of a compound to which he assigned the formula : 2S03*2l2()s.H20, i.e. basic 
iodine sulphate, (10)2804. JH2O, by dissolving iodine in a hot soln. of iodic acid 
in sulphuric acid, or by heating a soln. of iodic acid in sulphuric acid to 250^-260®. 
The sulphate also crystallizes from a soln. of this oxide in cold cone, sulphuric 
acid. This substance is decomposed by water into iodine, iodic acid, and sulphuric 
acid. The action of water is taken to be 3I2034-H20 =21205 +2HI ; and I2O5 
-*|-10HI=6l2+5H2O, so that the end products are 6 l 2 , 0 s^ 3 l 2 , 0 ^+ 2 l 2 - J. Ogicr^s 
oxide decomposes in a similar manner. P. Fichtcr and F. Rohnor made a similar 
compound by treating a sat. soln. of iodine in chloroform with 8 per cent, ozone ; 
and by treating powdered dry iodine with ozone at 40"^ to 50*^ ; their analyses agree 
better with the formula I4O9 than with I0O3, 12O4, or I3O7, and they consider the com- 
pound to be an iodate of tervalent iodine, viz. iodine iodate, 1(103)3, represent 
the action of water to involve first the formation of iodic acid and iodine tri- 
hydroxide : 1(103)3-!“ 3H20=I(0H)3+31II03, followed by the decomposition of the 
trihydroxidc : 3I(OH)3 =211103+111+31120 ; and iodine separates by the inter- 
action of the iodic and hydriodic acids. F. Fichter and F. Rohner’s oxide begins 
to lose iodine at irf, and it decomposes vigorously at 120°-“-130'^ ; it reacts violently 
with phenol, evolving the vapours of iodine. 

H. Landolt assumes that iodous acid, HIO2, is momentarily formed as an inter- 
mediate product in the reaction between iodic and sulphurous acids : SO2+HIO3 
=803+11102; followed by SO2+HIO2-SO3+HOI ; and by SOa+HOl^SOg 
+HI. A.ccording to E. Brunner, an iodito is always produced as a transient 
intermediate stage in the formation of iodates. Iodous acid has not been isolated, 
and its formation in these reactions is hypothetical. It is also very doubtful if the 
oxide formed by the oxidation of iodine with ozone can be regarded as the anhydride 
of iodous acid, HIO2. 

Several oxidized compounds of iodine have been reported at various ttoes. No 
doubt many of them are mixtures of iodic or periodic acids or anhydrides with iodine, 
etc. For example, there is: ( 1 ) N. A. E. Millon*s oa^yde soushypotodique, IioOi,, t. 6 . 
Xg07.4Ia0a, formed as a yellow powder by the action of sulphuric acid on iodic acid. 
Millon regarded this oxide as hypoiodio anhydride, 1^04 or lO,, mixed with a little iodous 
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tohydride, I^Oa i but aocotdic^ to H. Keppeler, it is the basic iodine iodate, 1^04* 
(2) L. Setnentini’s product of the distillation of a mixture of iodine and potewssium chlorate 
wMch F^Wtthler showed to be impure iodine chloride; and (3) Somentini’s iodine oxide obtained 
by passing a mixture of iodine and oxygen through a red hot -tube, or the distillation of 
a mixture of iodine and barium peroxide was shown by L. Qiriolin ® to bo nothing but 
sublimed iodine. (4) E. Mitscherlich's oxide, (NaOjaOIa.lOHaO, obtained by the 
spontaneous evaporation of a aoln. of iodine in a soln. of sodium hydroxide or carbonate, 
and which, according to F. Penny, is probably a mixture of sodium iodide and iodate. 
Nal and NalOg. (5) A. Michael and W. T.‘ Conn’s product, “ Hl,03, ue, HJOs.(It)3, 
obtained by the action of iodine on anliydrous perchloric acid. This substance is hydro- 
scopic and reacts with water, forming ioaino and iodic acid ; it is decomposed by heat into 
iodine and iodic acid. (6) H. Kiimmerer’s is formed as a brovm powder when 

iodine dioxide is left exposed to moist air. It is a mixture of iodine di- and pont-oxidrs. 
(7) Iodine reacts with ozone, fomiing a deliquescent oxide tipproximating in composition 
to I4O9, and is sometimes regarded as iodme iodate^ I~(I03)a. This substaiioo hydrolyzes 
in contact with water, forming iodic and hydriodic acids, and finally iodine and iodic acid ; 
6I4O, +9H3O == ISHlOg+la- 
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§ 8. Chlorine Di- or Fer-oxide. 

In 1802, R. Clienevix o})tiunP(l indications of the existojicc of a compound of 
oxygen and chlorine (oxyinuriaiic aci«l). in the yellow gas which he obtained by the 
action of sulphuric acid on potassium chlorate, and which he regarded hyperoxyiiemzed 
muriatic ac^. W. Oruickshank made a similar observation. In a paper i On a 
combination of oxymuriatic add and axygen gas (1811), H. Davy described a “ peculiar 
gas ” to which lie gave the najne euchlorine or euchloric ga.s-- from eP, very ; 
green — on account of its po-ssessing a deeper yellowish-green colour than l■.hlorine. 
This gas was prepared by gently warming a mixture of potassium chlorate udth 
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an equal weight of hydrochloric acid diluted with its own weight of water. For a 
time the gas was supposed to be chlorine monoxide, and even chlorine trioxide, 
but B. Soubeiran showed that it is more likely to bo a mixture than a definite 
compound because, when passed over mercurous chloride, chlorine is absorbed, 
and chlorine dioxide, discovered by IL Davy in 1815, remained. Mercury, copper, 
and antimony, which so readily burn in chlorine, are not acted upon by the cold gas ; 
this might make it appear as if the gas does not contain free chlorine, but H. Davy 
also found that a mere mixture of chlorine dioxide and chlorine did not act immedi- 
ately on copper leaf. In 1875, L. Pebal definitely proved that euchlorinc is a 
mixture of chlorine dioxide with variable amounts of chlorine ; and similar remarks 
apply to the cklorocMoric oxides — ('leOjg and CI6O17 — of N. A. E. Millon (1843). 
In 1815, in an investigation : On the action of acids on the salts usually called hyper- 
oxymuriates, and on the gases produced from them, H. Davy 2 announced the dis- 
covery of a gas now known as chlorine dioxMe or chlorine peroxide — chlorine teiroxide, 
Bioxyde de chlore, Chlordioxyl, Chlorperoxyd, and formerly called hypochloric acid, 
or even chlorous acid, H. Davy made the gas in the following manner: 

Powdered and dry potassium chlorate is rubbed witii a small quantity of sulphuric 
acid, by means of a platinum spatula until the one was incorporated with the other, and a 
solid mass of a bright orange col<jur was formed. This mass was ini reduced into a small 
glass retort, and gently warmed by a water bath. A bright yellowish -green elastic fluid 
arose from the mixture, which was rapidly absorbed by water, gwing to it its own tint, but 
which had no sensible action on mercury. T'o make the experiment without danger, not 
more than 3 to 4 grms. of potassium chlorate should be employed, and great care should 
be taken to prevent any combustible matter from being present, and the water-bath should 
not bo permitted to attain a temp, equal to 100°. 

A little while afterwards, F. von Stadion independently announced the discovery 
of the same gas. He said : 

The rapidity %vith which sulphuric acid decomposes potassium chlorate b* well known. 
If small quantities of the salt are treated with the acid, with the precaution of fusing the 
salt in the retort and, when cold, pouring sulphuric acid on the mass, the violence of the 
reaction is reduced, and, at a convenient temp , a gas is disengaged which can be collected 
over mercury, and which is designated (hntojride of chlorine. The residue in the retort 
contains potassium sulphate, and sparingly soluble uiiknown salt of a new acid (perchloric 
acid). 

The prepaxation of chlorine dioxide.— In the reaction between sulpburio acid and 
potassium chlorate, it is assumed that clilovic acid, HCIO3, is first formed : KCIO3 
+Hi>S04---KHS04 i-H('l();{ ; and the chloric acid then decomposes into perchloric 
acid, HCIO4, and chlorine dioxide: .THCl():{ “ H(.'104 f-2C102+H20. The purer 
and drier the cdiloratc the less the risk of explosion. All traces of organic matter 
must be excluded. The. whole of the apparatus must be of glass -without rubber 
or cork sto[)pers or connections. The gas is more lialde to ex[)lode in light than 
in darkness. N. A. E. Millon's directions-^ for preparing this explosive compound 
are : 

About 100 grma. of sulphuric acid in a platinum dish are cooled by a freezing mixture 
of snow and salt. From 15 to 20 grms. of dry powdered potassium chlorate are added 
in small quantities at a time with a thorough stirring by moans of a glass rod after each 
addition. The contents of the dish form a thick oily liquid which is poured through a 
long-stemmed funnel into a glass flask with a long drawn-out neck and of such a size that 
the flask is about ono-third filled. The flask is well cooled, and great care is necessary to 
koop the nock of the retort free from the oily liquid. A piece of glass tubing of the same 
diameter as tlio draw-n-out neck of the flask and fitting closely, glass to glass, is kept in 
place by nibber tubing. Tlu^ flask is then place<l in a wator-bath and the temp, slowly 
raised to 20° ; and later on to between 30” and 40°. The gaa can be collected by the 
upward displacement of air in small dry flasks, or it can be liquefied by passing it through 
small U -tubes surrounded by a freezing mixture of snow and salt. The preparation is 
best conducted in a room illuminated by gas-light. Not more than* 2 or 3 drops of the 
liquid should bo collected in each U-tube. The gas contains some chlorine and oxygen 
as impurities. 



288 INORGANIC AND THEORETICAL CHEMISTRY 
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iiel own Toliime of water in a long-necked flaek in^ a .wwter-batk at 70^ ' 

flask was arranged so that half the neck was iiomersed in the water. A. ReychleS ' 
has a safe method of preparing an aq. soln. of the gas by floating a dish containing 
potassium chlorate and dil. sulphuric acid, upon water in a larger dish, and covering 
the whole with a bell-jar. The water in the larger dish ab|prbs the chlorine peroxide 
as it is given ofl from the mixture in the smaller dish. 

The gas can also be prepared by reducing potassium chlorate with oxalic acid,< 
or with vanadic acid.® According to W. Bray, a regular stream of chlorine dioxide 
is evolved without danger when a mixture of 40 grms. of powdered potassium 
chlorate, 150 grms. of crystallized oxalic acid, and 20 grms. of water is warmed 
in an oil bath to 60°. 

The properties ot chlorine dioxide. — Chlorine dioxide is a reddish-yellow gas 
with an unpleasant smell which produces headache; very dil. aq. soln. have a . ; 
smell which is not unpleasant, and which has been likened to ozone. M. Faraday ® 
liquefied the gas in 1823 and solidified it to an orange-red crystalline mass resembUr^ 
potassium bichromate. The melting point of the crystals is —76°, and they freeze . 
again at —79°. According to L. Pebal and G. Schacherl, the boihng point of the 
liquid is between 9° and 9‘9° (731 mm.). If contact with organic matter is avoided, 
the liquid can be distilled. The density of the gas, air unity, is 2'330 according to 
L. Pebal, and 2’3984 at 11° according to G. Schachctl. The absorption spectrum 
of the gas, according to D. Gernez,'^ has lines in the blue and violet. G. D. Liveing 
and J. Dewar found nine shaded bands between 373 and 310/i/a, and some still 
feebler. The liquid absorbs the blue and violet completely ; the gas is completely 
transparent in the ultra-violet. 

The gas remains unchanged in darkness, but is gradually decomposed in sunlight. 

It detonates when rapidly heated to 100° ; when subjected to electric sparks ; or 
when shaken with mercury. Two volumes of the gas furnish one volume of chlorine 
and two volumes of o^gen : 2C102=Cl2-l-202. The aq. soln. is fairly stable in 
darkness ; in sunlight, it decom])oses rapidly in a few hours ; and slowly in diffused 
daylight into chloric acid, HClOa, chlorine, oxygen; 6C1024-2H20=Cl2-f02 
-I-4HCIO3. Some ])crchloric acid is formed at the cost of the chloric acid : 2HC103 
*1-02— 2HCIO4. The presence of chlorides acxelcrate the rate of decomposition 
such that a soln. with 0'15 mol. of chlorine dioxide suffered a 2 per cent, decomposi- 
tion in five weeks in darkness at 0°, while with a normal soln. of chloride, there 
was a 70 per cent, decomposition. In the presence of chlorides the reaction is 
represented: fiClOg-f 3H20==5HC103-f H(ff ; the velocity constants follow the 
relation d[C102]/<i!<— — K[C102]2[HC1J, and accordingly it is inferred that there is 
a slow reaction : 2C102-f-H20-f-HCl~2HC102-|-H0Cl, followed by a rapid change : 
6HC102-l“3HOCl=5HC10s-f-4HCl. l^latim'zed asbestos also accelerates the 
reaction like chlorides. In the presence of chlorine, the reaction progresses : 
C102-fiCl2-f H20=HCl03-f HCl, with the side reactions : 6C10,-f.3fl20=5HCloi 
-j-HCl, and 3Cl2-l-3Il20=HCI08+5HCl. At 60° another reaction : C102=JCl2-f-02, 
sets in. Consequently, the decomposition of aq. soln. of chlorine dioxide is very 
complex, for there are (i) 2CIO2--CI2-I-2O2. which is accelerated by raising the 
temp, or exposure to sunlight ; (ii) 6ClO2-f-3H20=-r)HCT03-t- JICl, which is accelerated 
by the pre,sence of chlorides or by platinum ; (iii) 2CI02+Cl2-f2H20=2HCI0a 
-(-2HC1, which is accelerated by chlorine ; (iv) aCla+SHaO^HOlOg-t-fiHGl, which 
is accelerated by platinum or chlorine dioxide ; and (v) 2Cl2-f-2H20=4HCl-f02 
which is accelerated by light. M. Blundell » found that a mixture of chlorine dioxide 
with 2f times its volume of hydrogen detonates when sparked, or exposed to the 
action of platinum sponge, and H. B. Dixon and E. J. Russell found the gas also 
explodes when mixed with carbon monoxide. According to H. B. Dixon and 
J. A. Darker, the explosion wave with a mixture of 53 6 per cent, of chlorine dioxide 
with 46-5 per cent, of oxygen is 1126 metres per second : and with 36 per cent of 
oxygen, 1126 metres per second. Mercury slowly absorbs chlorine dioxide, forming 
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mercunc chlorido, HgClg, and' mercurous chlorate, HgClOs- Chlorine peroxide ia 
a ^cwcrful oxidises agent — piece ot phosphorus, s^phur, sugar, or other com- 
bustible takes fire spontaneously in the gas, or produces an explosion. 

Two well-known experiments may bo cited to illustrate this. Place some crystals of 
potassium chlorate at the bottom of a test glass, and half fill the vessel with water. A 
few amaU pieces of yellow phosphorus are dropped into the glass, and cone, sulphunc acid 
is allowed to fiow through a tube fumiol on to the chlorate. The bubbles of chlorine 
peroxide which are evolved produced bright flashes of light when they come in contact 
with the phosjphoius under the water. Again, powdered sugar and potassium chlorate 
are mixed with a feather on a sheet of paper and placed on a stone slab. When a drop 
of sulphuric acid is allowed to fall upon the mass, the chlorine peroxide which is formed 
ignites the sugar, and the flame rapidly spreads throughout the mass. Mixing the chlorate 
with turpentine, alcohol, ether, carbon disuljihide, or fat oils gives similar results.® 

The aq. soln. forms with sulphur dioxide two mols. of hydrochloric and five of 
sulphuric acid. Sulphuric acid at —18° dissolves 20 volumes of cJilorine dioxide, 
and is coloured yellow, any excess of chlorine dioxide is liquefied and floats on the 
soln. , When the liquid is removed from the freezing mixture, it becomes red, and 
between 10"^ and 15° gives oft chlorine and oxygen, and perchloric acid remains in 
the liquid. According to H. Kammerer, bromine does not act on the gas or the 
aq. soln. ; iodine behaves similarly with the gas, but there is a slight action with 
the aq. soln. Iodine separates from an acidified soln. of potassium iodide : 
2C]02+10HI==2I1C1+4H20+5I2 ; in neutral soln. : 6C102+10KI=4KT03 

-^-AKOl+STa ; and in the bicarbonate soln. : 2C102+2KI=^2KC102+I2» whereby 
80 per cent, of the chlorine dioxide is converted into the chlorite. With ammouiRy 
the gas decomposes at ordinary tern)). With the other bases — e,g. dil. potash 
lye — it forms a mixture of cq. parts of chlorite and chlorate, with cone. aq. soln. 
of the solid hydrate and cone, potash lye, an explosion may occur. A drop of solid 
potassium hydroxide causes licjuid chlorine dioxide to explode. According to 
A. Key elder, equi-molecidar quantities of chlorine dioxide and potassium hydroxide 
soln. react: 2C102-|-2K0II~KCI0^H-KC103+H20, along with the side reactions: 
20102—0124202, and Cl2-f2KOH=:^KCH-KOCl4 H2O. AA ibh an excess of potas- 
sium hydroxide the reaction is faster, with potassium acid carbonate, slower, W^itb 
sodium peroxide, there is a very fast reaction: Na2024-2(.102— 2NaC102-l O2. 
According to E. Fiirst, potassium permanganate is reduced and chloric acid is 
formed : KMn04‘f ‘5ClO2+H2O”^MnO2+KClO34-2H0lO3. The reaction with 
nitrites is not 2CIO2 111204-5X^02— 5KN034-2H(/1, as M, Brandau supposed, 
but rather, accoriling to W, Bray, 2OIO2 1-1120 +KNO2—KNO3 +2110102, which 
is shown to be a well-defined stag(? of the reaction if the soln. contains acid carbonates 
in which the chlorous a(;id is fairly stable. In acid soln., however, a yellow colour 
appears in consequence of the consecutive reaction : HCIO2+2KNO2—2KNO3 
+1101. Some chlorous acid is also converted into chloric acid. Ohlorine dioxide 
reacts with zinc : Zn+2C102=Zn{( 102)2 ; with terrous sulphate: 20102+10EeS04 
+5H2SO4=2H0I+r)Fe2(S04)3+4H2O. More chlorine dioxide is consumed than 
corresponds with this equation because some chloric acid is formed. Here probably 
chlorous acid HC^102 is first formed, which 8ubse<i[uently decomposes into chloric 
and hydrocJ iloric acids. W ith sodium arseiiite : 2(J102 '+H2O +5H3ASO3 =5113 A8O4 
+2HC1 ; this reaction is not quantitative since some chlorate is formed. Indigo, 
litmus, and other organic colouring agents are decolorized by chlorine dioxide. 
Chlorine dioxide dissolves in water, forming a dark green soln. Water at 4° dis- 
solves 20 times its volume of gas. At low temp., N. A. B. Millon noticed the 
formation of a yellow hydrate which loses much gas during its melting. AA^, Bray 
prepared the hydrate by Y>ouring the liquid dioxide into water at 0°, and re[)reseiited 
it as a octohy^ated chlorine dioxide : C102.8H20(±H20). This hydrate decom- 
poses at 18’2°. The equilibrium conditions are illustrated by Fig. 7. The eutectic 
temp, between ice an(l the hydrate is — 0*79°. The solubility of liquid chlorine 
dioxide below 18*2° is greater than tliat of the hydrate ; at 18*2° the tv;ro solubilities 
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are tUe same, and at this quadruple point, liquid, hydrate, solution, and vapour 
are in equilibrium. At 18*2^ the liydratc is transformed into the liquid dioxide ; 

below the hydrate is stable ; above 
the liquid dioxide is stable — when 
the press, is enough to prevent the liquid 
boiling. The solubility of the liquid 
dioxide decreases with rise of temp., 
while the solubility of the hydrate in^ 
creases. W. Bray obtained a white 
compound of the liydrate of chlorine 
dioxide analogous to one obtained b}' 
A. A. Jakowkin with chlorine. The 
partition ooelf. of chlorine dioxide be- 
tween carbon tetrachloride and water, 
lies between 1*27 and 117 
at and between 109 and 1*60 at 25 *. 
The molecular state of the dioxide is the same in both liquids, and therefore 
chlorine dioxide is not liydrolyzcd in aq. soln. 

Composition.- JI. Davy analyzed this gas by explosion over mercury, and 
although a little chlorine was absorbed by tlie mercury, he concluded that the gas 
is composed of two vols. of oxygen and one voL of chlorine condensed into the space 
of two volumes. In symbols, 2(,^102 (2 vols.)-*-Cl 2 (1 vol .)+202 (2 vols.). Tliis con- 
clusion was confirmed by J. L. (ray Lussac, who determined the composition of cliloritu'. 
dioxide bypassing the gas through a capillary tiibewitli tlircc bulbs of known capacity . 
The capillary tube was heated )»efore the gas entered the luilbs. Dccom])usition 
took place in the capillary tube witliout explosion, 'jlie bulbs therefore contained 
the decomposition products of the chlorine dioxide —clilorine and oxygen. TIjc 
chlorine was detennined by absolution with jiotassiurn h 3 "droxi(le and the o.xygen 
in a gas-measuring tube. It was found that 100 volumes of the dioxide furnisiiod 
67*1 volumes of oxygen and 32 '9 volumes of chlorine. Hence it was inferred that 
t/ho simplest formula of chlorine dioxide is CIO 2 . Further confirmation was obtained 
by L. Pcbal, who heated the gas in a glass cylinder until it decomposed ; the 
chlorine was determined by the potassium iodide process. The volume ex|)ansion 
Oil decomposition was 2 ; 3 05 ; the ratio of the volume of clilorine to that of oxygen 
was 1 : 2*00 ; and the ratio of the volume of oxygen to (he expansion 1'96 : 1 . 
Ihus, the chlorine in chlorine dioxide appears, at first sight, to bo di- or quadri- 
valent. Chlorine in virtually all its other compounds lias an odd valency. 'I'o 
overcome the diHicalty, it w^as supposed that this formula must bci doubled, and 
the formula was written CI 2 O 4 until L, Pcbal and G. Schacherl had measured the 
vapour density of the gas and found it to be in liarmony Aviih the formula ClO^. 
According to W . Bray, the mol. wt, of the gas in water, and in carbon tetrachloride, 
us solvents, agree Avitli the formula ClOo. 

1 liere is no evidence of the existence of bromine dioxide licyond II. Kiimmerer's 
unverified statement that in tlie distillation of 4 per cent, bromic acid, the distillate 
111 some cases contains less oxygen than eorresjiomls with bromic acid, and had the 
atomic ratio J3r : (Jo. If this be the case, the product soon decomposes into bromic 
acid and hr^mnne or hydrogen bromide. 
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§ 9. Iodine Di- or Tetra-oxide. 

This product was prepared hy N. A. E. Millon ^ in 1844, ami later by 
H. Kiimiuerer by the partial reduction of iodic acid ; and also by the incomplete 
oxidation of iodine with nitric acid. N. A. E. STillon called it anhydride hypoiodique, 
and by analy>sis lie establislicd its composition to be tliat represented by the formula 
lOo or I 2 O 4 , At present there is nothing to decide between these formuhe excepting 
a formal analogy with chlorine dioxide, CKL. F. Fichtcr and P. Kolincr write the 
formula I 2 O 4 and assume it is a basi<*, iodine iodate, OrT.lO^. The iodine oxides, 
IjqOjo and I 0 O 13 , reported by N. A. E. Millon (1844) and by H. Kiimmerer (1801), 
api)ear to be identical with basic iodine iodate, I2O4, or 10 ( 103 ). The oxide, I4O9, 
was rc])orted by V. Fichtcr and ¥. Kohner to be formed as a yellowish- white pre- 
(dj)itatc by the action of ozonized oxygen on a sat. soln. of iodine in chloroform, or 
by tlie action of ozone 011 powdered iodine at 40‘’-50‘^ ; it may he iodine iodate, 
I{ 103)3. 

The preparation of iodine dioxide. — N. A. E. Millon's metliod of preparation 
by tlie reduction of iodic acid, niodiiied by M. M. P. Muir, is as follows : 

Tli'at ill a iilalinum dish on iniimato mixture of <»{) grins, of powdert>d iodic acid and 
200 grins, of cone, sulphuric acid. Stir the ma.ss frequently. When oxygen has been evolved 
freely for a few minutes, and the mass is daik brownish -yellow, lower the flame, and stop 
the heating as soon as the violet vapour of iodine appears. Keep the dish over sulphuric 
acid for 4 or 5 days. Drain tho liquid portion away from the yellow eiystalline crust, 
and wa.sh tho powdered mass with a little of the liquid into a funnel titled with a plug of 
glass wool, and drain the mass with the aid of tho suction pump. Keep the solid on a dry 
porous tile in a desiceator for about a week ; tho solid is occasionally removed, rubbed to 
powder, and riqdaoed on thi^ tile. If a little of the solid, w'hen shaken for a minute or 
two with a little cold water, loses no more than a trace of iodine, the yellow' solid is trans- 
ferred to aiKdher fuimel fitted with a glass wool plug and a suction attachment, an<l w'ashod 
by about live or six successive additions of small (junntities of cold w^atcr until the \vashiiigs 
are free from sulphates ; then with small quantities of alcohol until the washings are 
colourh'iss ; and about three times with dry ether. Tho solid is kept on a porous tile in 
a desiceator over dry lime for a few days, and finally dried at 100'^. A 30 per cent, yield 
on tho iodic acid originally employed can be obtained. 

According to N. A. E. Millon,^ when diy finely ))owdercd iodine is treated with 
ten times its weight of the most cone, nitric* acid, a voluminous yellow powder is 
obtained which can l)c dried on a porous plate ; it c'ontains iodine, oxygen, and 
nitric acid, and wfus regarded as nilroso-iodic acid. If the iodine nitrate is treated 
witli a current of dry carbon dioxide or air, or dried on a porous file over lime so 
long as nitrogenous ifumes are given off, it is decomposed into iodine dioxide and 
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nitrogen oxides. The iodic acid and iodine can be removed by washing with Water 
and with alcohol. 

H. Kauimerer supposed Millon’s nitroso-iodic acid to be a nitroso-derivative of 
iodine pentoxidc, viz. I204(N0)2, but he gave no analys^ in support of his hy]^- 
thesis. n. Kappeler prepared Millon’s nitroso-iodic acid, using nitric acid of 
sp. gr. 1'52 ; and his analyses fit the assumption that the formula of the compound 
corresponds with either iodine nitrate, ItNOslg, or basic iodine nitrate IONO3-- 
iodiue tervalent. Consequently, in the oxidation of iodine, or in the reduction of 
iodic acid, when water is excluded as much as possible, the reaction ceases as soon 
as the tervalent iodine comy)ound is produced. Thus, in the oxidation of iodine 
(i) with ozone — P. Pichter and P’. Rohner’s iodine iodate, 1(103)3, is formed ; (ii) with 
nitric acid — II. Kappeler's iodine nitrate, I(N03)3, or O : I.NO3, i® formed ; and in 
the reduction of iodic acid (i) with cone, sulphuric acid— P. Chretien’s basic iodine 
sulphate, (10)2304. ^H20, or (ii) with sulphur dioxide forming an iodine sulphite 
and sulphate. P. (Jlu:6tieu has prepared a number of other crystalline sulphates 
— corresponding wnth 2SO3.2H2O.2I2O4 ; SOS.H2O.I2O4.IOI2O5 ; and 2SO3.2H2O. 
2I2O4.I2O6. An iodine acetate, 1(0211362)3, was prepared by P. Schutzenberger, 
and H. Kai>peler by the action of chlorine monoxide on a soln. of iodine in glacial 
acetic acid. If iodic acid be dissolved in a .soln. of hydrofluoric acid in glacial acetic 
acid, and the soln. cone, by evaporation, colourlc.s.s ncicular crj^stals with a com- 
position iodine oxy-fluoride, IOP3.5H2O, or IP3(0J1)2.4H2(), are obtained. The 
crystals give off hirnos of hydrogen fluoride in moist air. 

The properties of iodine dioxide.- Iodine dioxide is a Jemoji-yellow solid which 
separates from its soln. in hot cone, sulphuric acid in minute crystals which are not 
hygroscopic. 'J’hc .salt ]irepured by P. Pichter and P. Rohner deliquesced in air. 
forming a black syruj) ; iodine vapours were slowly evolved, and crystals of iodic 
acid remained. The compound decomposed slowly at 75'’, and rapidly at 120°— 130”. 
The specific gravity at 10° is (water at lO’ unity). Iodine dioxide reacts slowly 
with cold water and quickly with hot water to produce iodine and iodic acid : 
6I«04-[-4H20 ~811I03-fl2 ; it is insolubhi, and is not acted upon by dry ether or 
glacial acetic acid, and it dissolves vciy^ slowly and slightly in acetone and mono- 
chloracetic acid. It reacts with an aq. soln. of oxalic acid, H2t'204, in the presence 
of sulphuric acid at 1(X)°, forming iodine, water, and carbon dioxide : I2O4 
+4H2C204“l2~H41l20 |-8C02. It reacts very slowly with alcohol, forming iodine 
pentoxide, and iodine passes into soln. Cold nitric acid, <lil. or cone., converts 
iodine dioxide, into iodine and iodic acid ; cold cone, hydrochloric acid forms a 
yellow soln. which gives off chlorine ; no iodine is separated, and the soln. probably 
contains iodic acid and iodine chloride, hut, after boiling, the iodic acid is all decom- 
posed. Cold dil. sulphuric acid acts slowly on iodine dioxide, forming iodine and 
iodic acid ; boiling dil. sulphuric gives the same result as boiling water. Cold 99 
per cent, sulphuric acid dissolves the comjiound .slowly — at 1.5°-20°, 1(X) c.c. of the 
acid divS.solve I'ol grms. of iodine dioxide ; 5ul])huric acid, H2SO4.H2O, dissolves 
iodine dioxide more freely than the 99 per cent, acid. The soln. in cone, sulphuric 
acid deposits crystals of what has been called Milton's sulphate, which P. Pichter 
and P. Rohner consider to be a mixture of iodine i)entoxide and I2O3.SO3.JH2O. 
When the soln. with fuming .sulphuric acid is heated, it becomes green and then 
yellow— no iodine is given off, but a yellow solid (9.3 per cent, iodine dioxide with 
some pentoxide) is deposited on cooling. There is no evidence of the formation 
of a compound of iodine dioxide and sulphuric acid, but if iodine dioxide be sat. 
with the fumes of sulphur trioxide and then kept in a desiccator for some days, a 
compound J2O4.3SO3 is formed. 

■^niie product is a palo yellow hygroscoiiic solid, which can bo kept unchangod for 
monthiii. Tt gives off oxygon, iodine, and sulphur trioxide at about 120®, but at 100® 
the residue still retains some sulphur trioxide. The compound 1,04.380, disaolvea In 
a large (|uantity of water with decomposition, forming iodine, iodic and sulphuric acids. 
It forms a yellow soln. in well-cooled alcohol, and the alcoholic eoln. on evaporation at 
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temp, gives crystals of iodic acid. EUier removes the sulphur trioxido and 
leaves iodme dioxide behind. 

21. J^ppeler made a similar sulphate by reducing solid iodic acid with dry solphui 
potassium hydroxide reacts with iodine dioxide to form potassium 
iodate and iodide i 6IO2+6KOH—5KIO8+KI4-3H2O. The oxide I4O0 is thought 
to be iodine iodate, with tervalent iodine, namely, 1(103)3, for it reacts with water, 
forming what is thought to be iodine hydroxide, I(Ofl)3, and iodic acid : 1(103)3 
-j-3H2p=3HI034‘I(0H)3 ; the iodine hydroxide then breaks down by a slow reaction 
into iodic and hydriodic acids : 3I(0H)8=r.2III03+HI+3H20, and these acids 
then react with the liberation of iodine — vide supra. The salts of iodine are also 
hydrolyzed by water, forming iodine iodate, which in turn is decomposed avS just 
indicated. The reactions are very slow, so that the iodic acid formed may have 
time to react with the undecomposed salt, forming a basic iodine iodate, 10(103), 
thus: (I02)S04+2HI03=2(I03)I034H2S04 ; with iodine acetate, however, the 
decomposition by water is too fast to permit the formation of ba>sic iodine iodate in 
this manner. 

Rkfkrencks. 

' N. A. E. Millon, Ann, CMm, Phys,, (3), 12. 333, 1844; Jonrtt. prakl. CJicm., (1), 34. 321, 
1845 ; H. KAmmerer, %b., (1), 33. 65, 81, 1861 ; M. M. P. Muir, Journ. ^oc,, 95. 666, 1900 ; 
F. Fichtor and F. Rohner, Ber,^ 42. 4093, 1909, 

® N. A. E. Millon, Journ, prakt, Chem., (1), 34. 321, 1815; H. Kammercr, ib,, (1), 83. 65, 
72, 1801 ; H. Kappeler, Ber., 44. 3496, 1911 ; P. Fichter and P. Rohner, t6., 42. 4093, 1909; 
P. Chretien, Compt. RevA, 123. 814, 1896; P. Schiitzenbergor, ih,, 52. 135, 1861 ; 54. 1026, 
1802 ; B^ai, Soc. Ohim,, (2), 31. 104, 1879. 


§ 10. The Halogen Pentoxides 

Neither bromine nor chlorine pentoxidc is known, but iodine pcntoxide is a 
relatively stable compound. This is in agreement with the estimated heats of 
formation : Cl205aq. — 20*5 Cals. ; Br205aq. — 4 . 3*3 (^als. ; l205afj. + 43*75 Cals. 
Hence, while the two first-named oxides are strongly eiidothenrial, the last-named 
oxide is strongly exothermal. Iodine pentoxide was almo.st simultaneously and 
independently made by J. L. Gay Lussac i and 11 . Davy in 1813 . H. Davy made 
this binary compound by oxidizing iodine with cuchlorine dried by muriate of 
lime. The iodine assumes a bright orange coloration, and, by the ap]jlication of 
a gentle heat, iodine chloride is volatilized, and there remains a comi]>ound of iodine 
and oxygen which he called oxyiodme. The acid which oxyiodine forms with 
water was called oxwdic acid. These names arc now changed to iodine pentoxidc 
and iodic acid respectively. Iodine pentoxide, loO^, is also called iodic anhydride 
because it reacts with water to form iodic acid. 

The preparation of iodine pentoxide.— Iodine pentoxide is formed by oxidizing 
iodine, or by dehydrating iodic or periodic acids. J, Ogier formed small quantities 
of this oxide by oxidizing iodine vapour mixed with oxygen exposed to a silent 
electrical discharge ; it is also formed when ozone is led into a sola, of potassium 
iodide ; and, according to G. Salet, when iodine is passed through the hydrogen 
flame, iodine pentoxide is one of the products of combustion. 

H. Basset and E. Fielding 2 formed iodine pentoxide by the oxidizing action of 
gaseous chlorine monoxide, or of a soln. of chlorine monoxide in carbon tetrachloride, 
upon iodine chlorine: 6CI2O-I-2ICI3— I2O5+8CI2 ; A. Michael and W. T, Conn 
formed the same oxide by oxidizing iotoe with chlorine heptoxide, CI2O7 ; the 
resulting white powder decomposes into iodine pentoxide at about 110'^. M. Guichard 
obtained a 40 per cent, yield by wetting iodine witlx fuming nitric acid, and spreadiug 
it in a tube tlirough which nitric anhydride is passed. 

Iodine pentoxide, however, is moat conveniently prepared by the dehydration 
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of iodic acid at c-omparativcly low temp. There is no sign of any sublimation 
even when the heat is carried to the point of decomposition. The water of composi- 
tion may be driven from tlio iodic acid without fusion. G, P. Baxter and G. S. Tilley 
found that if the powdered iodic acid be heated slowly at IW, all the water may 
be expelled if the time of heating be prolonged. If the acid be rapidly heated, it 
melts at IW with the separation of a solid phase, I2O5.HIO3, which shows no 
indications of melting up to about 250*^ though it still contains up to 0’(X)6 per 
cent, of moisture. 

The material is best heated in a tube liotwocn 90° and 1 10° so that tlie first portion of 
the Avatcr may be expelled without fusion. The temp, is then raised to 220°, and tho 
operation concluded by a 4 hrs. heatini? at 240°, diy and purified air is pa.ssed through the 
lube during the operation. If fusion occurs before dehydration, .some iodic acid may be 
enclosed within an impervious coating of anhydrous salt, and tho escape of water pre- 
vented.® If the air is inadequately dried, the iodine pontoxide may heeoino brown, probably 
owing to the liberation of iodine ; and a similar result is obtained when the temp, rises 
over 250°. 


N. A. E. Millon and C. Rammolsberg ^ made iodine pentoxide by dehydrating 
acid with sulphuric acid at about 170'^. P. Chretien found that sulphuric acid 
dissolves about one-fifth of its weight of iodic acid at 2()()^ but oxygen is always 
evolved, showing that some decomposition occurs at this temp. If the soln. be 
poured into a porcelain crucible containing a little fuming nitric acid, colourless 
crystals of iodine pentoxide arc formed. The crystals contain 2 to 3 ]>cr cent., of 
sulphuric «acid ; most of this can be removed by finely ])owdering the crv.stals and 
redryiug them on porous tiles. 0. F. Rammelsi)crg also prepared iodines pentoxide 
by the action of sulphuric acid on barium iodate, whiidi M. Gnichard found gave 
an impure product on account of the solubility of barium sul{>hate in iodic acid. 
The material can be purified by adding the aq. soln. to nitric acid of sj)ecific gravity 
1‘33, and concentrating until iodic acid separates. H. J.esccxmr and x\I. Nhdoiix 
dehydrated iodic acid by heating it to 170'^ with com', or finning nitric acid. 
A. B. Lamb also prepared iodine ])ent oxide by dehydrating periodic acid at llO^. 

^ The properties of iodine peiltoxide.“Iodine pentoxide is a wliite ]>owder which 
C. h . Ranimelsberg 5 says consists of crystals which Jiave a sliar}) acid taste. Accord- 
ing to A. Ditto, the sp. gr. at if is 5 037 and at 51", 51)20 ; Jl. Kiimmerer gave 4/799 
at 9 , G. L . Baxter and G. b. lillcy at 25" gave 4*799. Tlie coeJT. of expansion is 
0-000066 between 0" and 51". The heat of formation 2l.o!ia-| bO *Ld).-l 45029 
cals, at 13" {J. Thomsen), 48(X}0 cals. (M. Bortlielot) ; 2isoiiri+r)0+.,„ L-I.Osno 
+43240 cals, at 13" (J. Thomsen), IGKX) cals. (M. Borthelot). Tho higii Jieat of 
formation is in accord with the relative stability of tluj ])entoxide. Thfi mohuuihir 
heat of soln. is —1792 cals, at 17" (J, Thomsen) ; — 1G20 cals, at 12" (M. Berthelot). 

At ordinary temp., iodine ])entoxide is decoirqiostMl by exposure to sunli^^^lit 
as 13 evident liy its colour; similar remarks apply to radium radiations O— these 
reactions are endothermal. Iodine decomposes slightly when heated to about 
2o0 m vacuo ; and it decomposes quickly between 300“ and 350“, and ue(|uire.s a 
brown colour. According to M. Guichard, the brown colour is not removwl by 
extracting the solid with carbon di.sulphide. benzene, ether, or fuming nitric acid 
Ihe conditions for the reversible reaction: 2 1 a-}- 502^21205,011.], are dillieult to 
nnd, since there are no signs of a reaction between iodine and oxygen at 350° and 35 
ato. press. ; and the compound is completely decomposed at 370“ with a press, of 
atm. According to M. Berthelot, no signs of combination are perceptible at 
oOO or at a higher temp., and according to K. Wehsarg, the two elements do not 
umte m the presence of platinum sponge or platinized asbestos. According to 
A. Connell, when an electric current is sent through the molten compound, decom- 
position occurs, but it is not clear if this is but a thermal effect. 

According to A. Ditte,'^ the iodine pentoxide which has separated from an acid 
soln. slowly loses some water at 180°, and rapidly if the powdered substance is heated 
to 200°-~210°, and even after heating to 250®, it may contain up to 0 006 per cent. 
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of moisture. The oxide is deliquescent in moist air, and dissolves in water tu 
form iodic acid; l205+H20=2HI03. According to H. Kammerer, a gram of 
water at 13 '^ dissolves 1’874 grins, of iodine pentoxide — ix. water dissolves nearly 
tvrice its weight of the solid. It is insoluble in ether, carbon disulphide, cliloroforni, 
and the volatile hydrocarbons. 

In virtue of the facility with which it decomposes into iodine and oxygen, iodine 
pentoxide is a strong oxidizing agent. The behaviour of this oxide towards the 
different elements and compounds has been investigated by A. Ditto. As showai 
by H. Davy, iodine pentoxide reacts explosively when warmed with carbon, SUlphuT, 
sugar, resin, and powdered easily combustible elementrS. It does not react with 
hydrogen at ordinary press, cold nor at its decomposition temp. 3(30*^, but in a 
sealed tube at 250'^, it forms water and iodine vapour ; the same result is obtained 
in the presence of platinum sponge at ordinary temp. Chlorine and bromine have no 
action ; dry hydrogen chloride at ordinary temp, reacts with the development of heat, 
forming iodine chloride and chlorine. Cyanogen forms oxygen and iodine cyanide, 
ICy, and the resulting mixture of cyanogen and oxygen detonates. Iodine pentoxide 
does not react with carbon monoxide at ordinarj' t(;ni]),, but A. Ditte foun<l 
that if warmed carbon dioxide and iodine are formed : r)CO-l-l205---o(j02+l2> 
on this reaction A. Gautier has based a method for determination of carbon 
monoxide from the amount of iodine set free.® The reaction is said to be sensitive 
to the presence of carbon monoxide dil. with 3(),(K)0 times its volume of air. if 
acetylene be present, it reacts: C2H2+l2D5='-l2*h2C'02-l-Il2G. Gaseous nitric 
oxide, NO, does not react at ordinary temp., but a soln. of this gas in cone, sulpliuric 
acid reacts slowly at 100*^. Ammonia has no action at ordinary temp., but when 
warmed the reaction is symbolized : 3l205+10Nll3-^5N2+3l2+15H20. Hydrogen 
sulphide when warmed with iodine pentoxide forms water, iodine, hydrogen iodide, 
and sulphur. When warmed with sulphur dioxide it forms sulphur trioxide. 
According to H. Kammerer, if the reacting substances are quite dry, a compound 
corresponding with 5I2O5.SOS is formed with the loss of iodine, which rapidly 
absorbs moisture from the air, and is decomposed by water or aq. alkali hydroxide 
— but not with alcohol, ether, or alcoholic potash — with the separation of iodine, 
and the formation of a residual product, leOis, which he thinks is either 2I2O4.I2O6, 
or 2I2O3.I2O7. A. Ditto denies the existence of this compound, and considers that 
iodine and sulphuric acid are formed by the action of sulphur dioxide on iodine 
pentoxide. When dissolved in sulphuric acid, iodine pentoxide is not attacked by 
sulphur dioxide in the cold or at 1CK)'\ In addition to II. Kamnierer’s ® 5I2O5.SO3, 
K. Weber has described a compound I2O5.3SO3, and M. M. P. Muir a compound 
I2O5.2SO3, formed by the action of iodine pentoxide on sulphur trioxide in a 
sealed tube at IW, 
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§ 11. The Preparation of Chloric, Bromic, and Iodic Acids, and of 

their Salts 

About tho middlo of the seveiUcentli (‘entury, 1658, J. .K. (dauber ' described the 
conversion of hydrochloric into nitric acid, and mentioned the [»n*j'>iiration of 
saltpetre from common salt. J, J. Winter! (ITSli) also thought that he had 
transformed hydrochloric, into nitric acid ]>y j)assing the ^as obtained by heating 
calcium chloride with pyrolusilc — probably chlorine * into ]>otash lye. The salt 
which crystallized out from the lye was thought to be nitre. In all these cases, 
H. Kopp coiisiders that potassium (‘hlorate was formed and mistaken for jiotassiiiiu 
nitrate. After the discovery of clilorine, (\ \\ . Bcheele, in 1771, noted that it forms 
with the fixed alkalies — potash and soda — a kind of svl niurin which decrepitates 
on hot charcoal but does not d(‘tonate. T. Bergmann (I77H) said that this gas 
forms the same salt jis h}*drochloric acid doe.s vvif li the alkalicvS and earths, and 
explained C. W. Sclieele s observation in terms of the phlogiston theory; but 
B. Higgins (17S()) show'Cd that undei- tliese conditions chlorim^ prodiK’es a kind of 
saltpetre which i.\ L. Berthollet independently obtained in crystalline plates about 
the same time. Berthollet said : 

^ When alkali lyo is treated with clilorinf> — -l^araie wi/rlciliquc that the alkali 

IS maintained in excess, the liquid rca<lily destroys \ uhlo colours ; but with the chlorino 
in excess, tho sel oxigene which is produced exercises no ai lion on tlie.se colours. 

He called the new salt inunale ou'ic/enc de )fol(tsse. At the beginning of the nineteenth 
centuiy, Berthollet s new compounds were called nturiatvs oxi(jenf.s or inuiiatcs 
suroxigenes ; to-day they are designated cldoralcs, C. L, Beriliollet showed that 
the new sel oxujene rnust be regarded as a compound containing more oxygen than 

chlorine acide murtaUque oxigene and he called the new acid acide rnuriatique 

suroxigeyie, C. L. Berthelot said : 

The acid which forms the sulfi oxighccJi must be different from those formed by oxygenated 
uiur^tic Bciu (chlorine) in comjioaition and properties ; but up to tho present time, 1 have 
not been able to obtain tho new acid free from tho base, without a partial dociomposition, 
so that I have not observetl it in a free state. 

The salt was investigated by Jl. Chenevix in lt!02 ; and in 1«14, J. L. Gay Lussac 
obtained an aq. soln. of the new acid - chloric acid. Jlo said ; 

I prepared a quantity oi muriaU nuroxygene de ha,ryfr. ()>ariuin cMorate), and treated 
a dU. sola, of this ^It with chi. suljjhiiric acid, taking eare to add ni> inoiv acid than is 
ne^ed to sat the baryte. . . In this way. 1 propaied a soln. of tho acid quite free fioru 
Bulphuno TOid and from baryta. The soln. gave no jirecipitate with silver nitrate; it 
contained V acide cMortque in aq. soln. 
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Broinic acid wa» discovered by A. J. BaJard - in 1826 and described in Ids 
classical memoir, Bur une substance particulUrc contenuc d^ins Veau de la mcr ; 
A. J • Balard was of course guided in this work by the analogy wliicli he found between 
' bifbfhitto. aiid iodine. Iodic acid was discovered by J . L. Gay Lussac ajnl H. Davy ^ 
in 1813 ; and, in 1831, A. Connell obtained it by the direct oxidation of iodine by 
nitric acid. 

The preparation of alkali chlorates. — J. L. Gay Lussac *^ showed that when 
chlorine is passed into a cold soln. of potassium hydroxide, a mixture of potassium 
chloride and hypochlorite is formed ; and wdien the soln. is boiled ilie liypoclilorito 
decomposes, forming a mixture of potassium chlorate 
and chloride ; otherwise expressed, the hypochlorite in 
solm oxidizes itself ; 3 K 001 ^ 2 KC 1 +KC 103 . This reac^ 
tion occurs with the evolution of 23*8 Cals, of heat. 

The conversion of hy'pochlorites to chlorates is hastened 
when an excess of cldorine is employed. The excess of 
chlorine converts some of tlie hyjiochlorite into free 
hypochloTous acid, and this condition is eminent^' 
favourable to the formation of chloric acid : 2H0CI 
+ K 0 C 1 -^KC 103 H- 2 HC 1 . The freed hydrochloric acid 

then liberates an eq. amount of hypochlorous acid : 
HCI+K0C1=KC1+110C1, and the Ji 3 'pochloroas acid 
oxidizes more hypochlorite. So the jiroccss continues 
until all the hypoclilorite is transformed to chlorate. A sliglit acidity, therefore, 
accelerates the formation of the chlorate. F. Wintcler lias shown that the ^deld of 
chlorate is greatly influenced by the cone, of the alkali lye. There is a certain cone, 
for which the yield of chlorate is a maximum ; an}" further increase in the com;, of 
the lye results in a diminished yield of chlorate, for the products of the redaction 
break down, yielding oxygen and the corresponding chloride. This Is illustrated 
by the curve, Fig. 8, which show^s the jdeld of chlorate obtained wlicn hot sodium 
hydroxide soln. containing one per cent, of hypochlorite are heated to for 

half an hour. According to F. Wintcler, the speed of decomposition of ])leacli' 
ing powder into chloride and oxygen is accelerated by soluble hydroxides, and this 
the more, the greater the concentration of the latter. 

This is illustrated b}" the curve, Fig. wliich shows the 
effect of treating soln. of bleaching pow^der under similar 
conditions at 100"^ with gradually mcreasiug amounts of 
alkali. The ordinates rejirescnt the amount of iindccom- 
posed chlorate at the end of half an hour. 

The conversion into chlorate is hastiuied by raising 
the temp., and therefore chlorine is passed into a hot 
(70^^) aq. soln. of potassium hydroxide : 6KOH ]-3('l2 
=KCl 03 -b 5 KCiH“ 3 Il 20 ; and the two salts— potassium 
chloride and potassium chlorate — can be separated by 
fractional crystallization, since potassium chlorate is far 
loss soluble than the corresponding chloride. A soln. of 
potassium carbonate can be used in place of a soln. of 
potassium hydroxide, but there is then a greater loss of chlorine and h^qjo- 
chlorous acid. According to A. Morin, the esetape of oxygen during the 
evaporation of the soln. of chlorine in alkali Iijnlroxide reduces the yield so 
much that only ono-ninctccnth instead of one-sixth of the potassium is o]»taincd 
as chlorate, the remainder is the less valuable chloride. I'his loss is serious, 
because potassium hydroxide is relative!}^ expensive. This fact, coiqilcd witli 
the comparatively difficult separation, renders J. L. Ga>" Lussac s imdhod of 
small technical interest, T. Graham suggested saving jiotash by saturating an 
intimate mixture of eq. proportions of potassium carbonate and slaked lime, and 
after heating the mass to decompose the hypochlorites, extracting the residue with 
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water. Potassium chloride aud chlorate dissolved ; calcium carbonate remained 
behind. P, C. Calvert similarly passed chlorine into a heated mixture of potash 
lye and lime. J. von Liebig evaporated to dryness a mixture of water and bleaching 
powder. The mass was extracted with water, and the resulting soln. of calcium 
chloride and chlorate was treated with the necessary amount of potassium chloride 
and evaporated. There is a serious loss of oxygen during evaporation. The only 
satisfactory technical process, apart from electrolysis, is also based on a later 
suggestion of J. von Liebig, who showed that it is cheaper to substitute a hot soln. 
of slaked lime in water for the potassium hydroxide soln. In that case : 6Ca(OH)2 
+6Cl2=Ca(C103)2+5CaCl2+bH20. As in the case of potassium hydroxide, the action 
of chlorine on the lime liquor is to form the chloride and hypochlorite : 2Ca(OH)2 
+2Cl2=^^H2G+CaCl2+Ca(OCl)2 ; this is followed by two reactions : (i) the con- 
version of hypochlorite into the chlorate by heat : 30a(()Cl)2— -Ca(C103)2 1 ^CaCU ; 
and (ii) the conversion of hypochlorite into chlorate by the action of an excess of 
chlorine : 3Ca(()Cl)2- 2CaCl2“l' Ca(C103)2, probably through the intern lediate forma- 
tion of hypochlorous acid : 0a(O('l)2+2Cl2H-2H2O— CaCU2+llIOOl ; followed by 
Ca(0Cl)2+41l0Cl=Ca(C103)2+4HCl. The hydrochloric acid then liberates more 
hypochlorous acid ; Ca(OOl)2+2H(H=:2HO(1 1 C'aCL, and so, in a continuous cycle 
of operations, until all the hypochlorite is converted into chlorate.^ These. reactions 
are accelerated by raising the temj). G, Lunge and L. Juandolt found that merely 
raising the temp, of a soln. of chloride of lime is not very elective in transforming 
hypochlorite to chlorate -the transformation after 3 hrs. heating at 00 ^ is liardly 
perceptible ; the conversion is appreciable after further heating to for an 
hour ; and more so after another 2 hrs. heating to 90 ” ; but even after boiling 
anotlior 2 hrs,, not much more tlian 25 ])er cent, of the chlorine had been 
utilized in the prodiKition of chlorates. If the chlorine l)e in excess tlie (‘ase is 
different : 70 per cent, was converted into chlorate at 15 ^ ; and but little more 
was converted after standing some time, or on warming up to 40 ”. 'I'ho conversion 
was complete on boiling the soln. The excess of chlorine also prevented the loss 
of oxygen observed when alkaline soln. arc boiled. (Consequently, the most favour- 
able conditions for the conversion of tlie hypochlorite into chlorate involve both the 
raising of the temp, and the use of an excess of chlorine. The clear soln. of calcium 
chlorate and chloride is cone, a little by evaporation, and a slight excess of potassium 
chloride is added. The potassium chlorate which is formed has but one-tenth tl»e 
solubility of the corresponding calcium chlorate and is far less soluble than the 
other two chlorid(‘s ; hence, by a furtlier cone, of the soln., the least solul)l<* potassium 
chlorate separates: (’a((ff()3)2-l-2K(d«~2K(.d(.)3“[-(jaCl2. Tlui potassium chlorate 
so obtained is ])urified by rccrystallization. W. Weldon ( 1871 ) ^ j)roposed to sub- 
stitute magnesia for lime; T. Twyman, dolomite; aud Iv. J. Bayer, zinc oxido.^ 
Tliese suggestions have not been industrially successful, and potassium chlorate 
prepared by the zinc process may be contaminated with zinc. 

The electrolytic process for alkali chlorate.— I'he old process of J. von Idebig 
is now almost superseded by the electrolytic process ; indeed, after the introduction 
of the electrolytic process, the price of the <‘.hlorate soon fell from £60 to £35 f)er ton, 
and abundantly justified H. Davy’s prediction ( 1806 ) : “ It is not improbable that 
the electric decomposition of neutral salts, in different cases, may admit of economical 
uses.” When liot soln. of potassium chloride are electrolyzed, the initial and end 
stages of the reactions are represented : K(J 1 1-31120— KCIO3 I -3112 ; but no doubt 
chlorine is first formed ; then potassium hypochlorite ; and finally ])otassium 
chlorate and chloride. The sj)aringly soluble potassium chlorate crystallizes from 
the soln. during the electrolysis, and thus gives trouble. Since lUO c.c. of water at 
20 '^’ dissolve about 99 grms. of sodium chlorate, and 100 c.c. of water about 7*2 
grms. of potassium chlorate, it is best to prepare first sodium chlorate by the 
electrolysis of sodium chloride ; and then treat the soln. with potassium chloride 
as in the case of calcium chlorate described above. Potassium chlorate can be 
isolated by fractional crystallization. 
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Daring tho electrolysis of a soln. of an alkali cliloride, the primary products are 
chlorine and alkali hydroxide ; alkali hypochlorite then appears togethLor with a little 
free hypochlorous acid as a result of the hydrolysis of the alkali hypochlorite. The 
alkali chlorate is then formed in two ways : (i) chemically— by tho oxidation of tlie 
alkali hypochlorite by the hypochlorous acid : Na0Cl-h2H0Cl^NaC103+2HCl ; 
and (ii) electrochemical ly — by the oxidation of the hypochlorite by the oxygen 
developed at the anode ; the former reaction is slow, and the latter gives a maximum 
efficiency of 66 per cent.^ The presence of free alkali diminishes the hydrolysis and 
enables the chlorate formation, and tin* evolution of oxygen, to commence .sooner, 
and with a lower concentration of hypochlorite than in a neutral soln. This 
phenomenon is the more pronounced the greater the alkalinity of the soln. until a 
maximum chlorate production is attained, as illustrated by the graph, Fig. 9. If 
the alkalinity of the soln. increases beyond this j)oint, tho discharge of ox}’gen 
increases, and tho rate of formation of the chlorate diminishes. A low anode 
potential favours the evolution of oxygen, and diminishes the yield of chlorate ; 
but a larger concentration of hypochlorite is needed for a discharge at a low polari- 
zation. Hence, better chlorate yields, and lower hypochlorite concentrations are 
attained with polished than with platinized platinum electrode. A rise of temp, 
increases the concentration of the hypochlorite and decreases the yield of chlorate. 
With acidified soln. of the alkali chloride, the concentration of the free acid is 
increased, and tliis favours the reaction: 2110C1 f-Na()(T-=2H(U“}-NaC103. 
Although tliis reaction is slow at ordinary temp., its velocity is very much augmented 
at, say, 70"^ ; and under this condition this reaction plays the larger part in the 
production of chlorate. If cathodic reduction is avoided by the use of a chromatt*, 
and no hypochlorite ions are discharged, a 100 per cent, current efficiency would be 
possible since no oxygon is discharged from the system. According to h\ Forster 
and E. Miiller, the conditions favourable to the formation of chlorate are (i) the use 
of a slightly acid electrolyte ; (ii) the provision of means for preventing cathodic 
reduction ; and (iii) the maintenance of the temp, above 40"" to prevent the formation 
of perchlorates. 

There are two types of juocess for the technical production of chlorates. In 
one, alkaline electrolytes are used wdth a iiossible KK) per cent, efficiency. The 
alkaline proces.s, typified by that of F. Oettcl,® has given place to the acidic 
process on account of the higher electrochemical efficiency of tho acidic process. 
The first electrolytic chlorate processes- -F. Hurter, and H. Gall and A. de Montlaur 
(1884) '-used neutral soln. with diaphragm cells. The electrolyte was circulated 
from cathode to anode to avoid the reduction of the chlorate — the current etliciency 
was about 25 per cent. The use of chromate, etc., for avoiding catliodc reduction 
has led to the disuse of diaphragm cells. In A. K. Gibbs’s and L. E. Lederlin 
and P. E. C. Corbin’s jirocesses, the hot brine — about 25 per cent, concentration 
between GCand 70” — flows tlirough a series of compartments between the electrodes, 
where it is converted to chlorate, and the liquor containing unchanged brine and 
up to about 30 per cent, of chlorate escapes from the cell. The chlorate is cr3^stal- 
lized out, and the unchanged liquor is run back into the electrolyzer. The loss of 
chlorate by the reducing action of the hydrogen at the cathode has been the subject 
of several patents : The use of about 0*2 per cent, of calcium chloride ; potassium 
dichromate and hydrochloric acid ; aluminous salts, clay, or silicic acid ; fluondes ; 
vanadium salts ; etc., has been suggested in order to raise the yield of chlorate l)y |»re- 
venting cathodic redaction — ^|>robably by forming a thin inert layer on tho cathode 
which acts as a kind of diaphragm, preventing the evolved hydrogen from coming 
readily into contact with the hypochlorite in soln. 

The preparation o£ chloric acid. — ^J. L. Gay Lussac prepared a soln. of chloric 
aend by treating barium chlorate with the proper quantity of sulphuric acid. 

V^. Bernard dissolved 800 grms, of barium clilorato in 1700 c.c. of tlislilled water, and 
added 343 grms, of 62 ’4 per cent, sulphurie acid in small quantities at a time. The temp. 
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waa kc^pt tew to avoid tho formation of perohlorio acidk Th^ filtered aoln, of chloiuo acskl 
was ooloitrloss and contained only a trace of sulphuric acid ; it possessed a sp. gr. of 1 ‘H . 
at 20^.,; ^ ’ 

; 0. 8. Serullae treated potassium chlorate . with ah excess of hydrofluosilioio aci® ; the 
clear liquid was decanted from the sparingly soluble potassium fluosilicate, the sdlhv 
evaporated below 30®, and filtered through glass powder ; J. J. Berzelius evaporated 
the acid liquid mixed with finely divided silica below 30® in air, or over cone, sulphuric 
acid and potassium liydroxide in vacuo. The excess of hydrofluoric acid was 
volatilized as silicon fluoride, and the clear liquid 'was then filtered from the excess 
of silica. R. Bottgor treated sodium chlorate with oxalic acid whereby sparingly 
soluble sodium oxalate was formed ; J. L. W heeler, and T, B. Muiiroe treated sodium 
chlorate with liydrofluoailicic acid ; and M. Brandau treated potassium chlorate with 
aluminium sulphate and sulphuric acid and precipitated the alum so formed with 
alcohol. Chloric acid is formed in many reactions with hypochlorous and chlorous 
acid ; for example, it is formed when an aq. soln. of chlorine or hypochlorous or 
chlorous acid decomposes in light. It is also formed when an aq. soln. of chlorine 
'dioxide stands in darkness or in light. A mixture of alkali chlorate and chlorite 
is formed when an aq. soln. of an alkali hydroxide is treated with chlorine 
dioxide. 

E. Piirst^i found that a chlorate is formed when potassium permanganate is 
treated with chlorine dioxide ; and O. Core obtained silver chlorate l)y treating 
a soln. of silver fluoride with chlorine : GAgl^H ^iH20+3(:!l2^ 'AgClOs-hoAgCld-GHF 
““Some oxygen is formed at the same time. H. Kammercr found that some 
ammonium chlorate is produced when iodic acid is warmed with a soln. of silver 
chloride in an excess of ammonia. 

J. Sand attempted to calculate the equilibrium constant of the reaction 
3H2O+3CI2-HOIO3+5HOI on the assumption that tlie velocity of the reverse 
reaction is rf.'r/(ft=ifc(ClO'3)(Cl')-(H’)'‘^. but R. Lutlier and R. If. HlacDougall showed 
that it is =/!:(ClO'3)2(jl')'*. A. Skrabel calctilatod the constants for the analogous 
bromine and clilorine reactions. The reaction is very slow at ordinary temp., and 
by raising the temp, the slow consecutive reaction' 2IK'l03=2H('l-f-302 is also 
accelerated. A. R. Olson worked at 91° and nn^asiired the constant directly'. Jfe 
found A;=(H-)2(C1')®{C10'3)/(C1)3:~4-3 X lO- 

The prepax&tioii of bromic acid ftnd the bromfttes. — Like chloric acid, freebroimc 
acid is known only in soln., and combined in the form of bromatos. The broinates 
are formed by adding an excess of bromine to alkali lye; the alkali bromide and 
bromate are formed analogous to the corresponding rc-aclion with chlorine. Accord- 
ing to C. L6wig,i® when bromine chloride is added to alkali lye so long as the colour 
disappears alkali chloride and bromate are formed. The loyver solubility of the 
bromate enables it to bo separated from the chloride and bromide. A. J. Balard' 
prepared bromic acid by decomposing barium bromate with the right quantity of 
sulphuric acid, and decanting the clear soln. from the precipitated barium sulphate. 
Any excess of sulphuric acid can be removed by baryta water. C. F. Raminelsberg 
failed to prepare the acid free from either baryta or sulphuric acid. J. S. Stas 
oxidized potassium bromide by irassing chlorine into an alkaline soln. of the salt : 
XBr-f-GK0H+3Cl2“KBr03-f'6KCl-}-3H20. C. Ldwig passed chlorine into a' 
sole, of potassium carbonate until it began to give off bubbles of gas, and then 
introduced bromine ; he also fused potassium bromide with the chlorate, and sepa- 
rated the bromate and chloride by fractional crystallization. A. rotilitziu fouiid 
that by shaking aq. soln. of sodium chlorate with bromine, there is no appreciable 
action after some hours, but in darkness, after 45 hours the formation of bromide, 

/ chlorate, and bromate can be detected. Bromine water transforms gold oxide into 
the bromate and bromide. H. Kammercr heated iodic acid and potassium bromide 
and an ex<‘CS8 of cone, aqua ammonia, at 110°, and found silver iodide and ammonium 
bromate were produced. 

The acid is formed in many reactions with hypobromous acid ; for example, when 
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hypobioi^ous acid is Heated it is decomposed into a mixture of bromic and hydro- 
bromic acids> and the latter can be removed by adding silver nitrate, and decant- 
ing the clear soln. from the silver bromide. A. Riche prepared it by the electrolysis 
of bromine water, or hydrobromio acid ; the hydrobromic acid is oxidized by the 
nascent oxygen formed at the anode. As in the electrolytic production of chlorates, 
bromates are formed by the electrolysis of cono. soln. of alkali bromide between 40° 
and 50°. A little alkali dichromate is added (i) to produce a slight acidity in the 
soln. so as to accelerate the reaction: 2HBr0+NaBr0=NaBr03+2HBr ; and 
(ii) to prevent the reduction of bromate to hypobromite. Smooth ])latinum anotics 
and graphite cathodes are used. J. Sarghel obtained a better yield of bromate by 
electrolyzing soln. of calcium bromide than with soln. of alkali bromide. 

H. Kammerer made bromic acid by the action of bromine on silver bromate 
suspended in hot water: 5AgBr03-}-3Br2+3H20^5AgBr-f6HBr03. The excess 
of bromine is driven off by heat, and the bromine acid soln. is decanted from the 
silver bromide. Bromine water converts hypochlorous acid into bromic acid 
and free chlorine. H. Kammerer found that bromine converts a warm soln. of 
chloric acid into bromic acid, but a great de.al is decomposed in the process. Bromine ^ 
under bromine water is oxidized to bromic acid by leading in a current of chlorine 
monoxide: 5Cl20-}-Br2+H20=2nBr03+5Cl2, and the dissolved chlorine can be 
driven off by heat. P. Lebeau also found that bromine water is oxidized by fluorine 
first to hypobromous and then to bromic acid. 

The preparation o! iodic acid and the iodates.— Iodic acid is obtained, either as 
free acid or combined in the iodates, by the action of oxidizing agents on iodine or 
iodine compounds, or by the decomposition of wsome of tlie other oxy-iodine coin- 
I)ounds. J. L. Gay Lussao^^ showed that an excess of chlorine in the presence of 
much water converts finely divided iodine into iodic acid : l2-|-5Cl2-l-flH20— lOHCl 
+2HT()3, when the hydrochloric acid can be removed by the addition of silver oxide ; 
if insufficient water be present some iodine chloride is formed ; according to G. Sodiiii. 
at least twenty times as much water as iodine must be present. If a little alkali 
hydroxide be present, alkali chloride and iodate are formed, but if the alkali hydroxide 
be in excess some periodate is formed, G. S. Scrullas also showed that when iodine 
trichloride, moistened with alcohol or ether, is treated with water, iodic acid is 
formed: 2ICl34-3H20=H10:3+bHCl+ICl. Alcohol removes the iodine mono- 
chloride and hydrochloric acid. J. von Liebig says that from I t to 15 per cent, of 
the iodine is oxidized to iodic acid. J. von Liebig saturated water, holding finely 
divided iodine in suspension, with chlorine, neutralized the liquid with sodium 
carbonate, added barium chloride, and washed the ])recipitated barium iodate with 
water. H. Kammerer treated a soln. of iodine in baryta water with chlorine — R. de 
Grosourdy used a soln. of barium chloride instead of baryta water. 

' Instead of chlorine as oxidizing agent, some of the chlorine oxides can be em- 
ployed : H. Davy used chlorine dioxide, and H. Kammerer, chloric acid for the 
oxidation of iodine or iodine chloride. W. Plight oxidized iodine in alcoholic soln. 
by a hypochlorite soln. ; and E. Reichhardt used bleaching powder. N. A. E. Millon, 
V. A. J acquelin, and others employed the chlorates, for example, wlien'iodine is heated 
with an aq. soln. of potassium chlorate, chlorine and potassium iodate and chloride 
are produced; H. Bassett represents the reaction by the equation: 
+3H20=3KH(I03)2+2KC1+3HC1 : and on further evaporation both chlorine 
and iodine chloride may be formed: KH([03)2+KCl+12HCi=~2KCl+6H20 
+ICI+ICI.HCI+4CI2. The presence of a small quantity of acid is necessary for 
the reaction. T. E. Thorpe and G. H. Perry consider that the main reaction is best 
represented: 2KCl03+l2==2KI03+Cl2. M. Sclilotter found that when the 
concentration of the nitric acid is small, the reaction is represented : r)lv(1( >3+312 
+3H20=5KI03+H103+5HC1 ; and when more acid is present: 2KCIO3+I2 
—2KIO3+CI2. When the proportion of iodine to chlorate exceeds 1 : 2, the re- 
action is represented : 2KCIO3+I2— 2KIO3+CI2 ; and when the proportion is aboxit 
1:1, the reaction is: KC103 + [o —KfOa+ICl. The nitric acid plays the idle of 
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a catalytic agent : l2+6HN03+H20=2HI03+6HN02 ; and 2HCIO3+6HNO2 
— 2HC1+6HN08. According to J. S. Stas, if a mixture of potassium iodide and 
chlorate is heated to the temp, of decomposition, potassium iodide and chlorate 
are formed. 

A. B. Lamb, W. C. Bray, and W. J. Geldard prepared iodic acid by directly 
oxidizing iodine by means of an acidified soln. of barium chlorate at Sb'" ; and 
transformed the resulting barium iodate into iodic acid by means of sulphuric 
acid. The reaction between barium iodate is slow, possibly owing, as M. Guichard 
suggested, to the solubility of barium sulphate in the iodic acid. If an excess of 
sulphuric acid be employed, the iodic acid will be contaminated. G. P. Baxter 
found eleven crystallizations necessary to eliminate sulphate. If the iodic acid be 
contaminated with sulpliuric acid, its subsequent dehydration for iodine pentoxide 
is attended by decomposition. The yields were 85-90 per cent. A. B. Lamb and 
(u)" workers believe that the best jUGcedure is to reverse tlie preceding process. 
Barium clilorate is treated with sulphuric acid, and the iodine oxidized by the 
liberated chloric acid. A 10 per cent. soln. of cdiloric acid docs not react with iodine 
at room temp., and after heating, even to boiling, the reaction is but slow ; with 
33 to 40 per cent, acid, the reaction starts immediately at room temp., and proceeds 
witli explosive violence unless the mixture be cooled witli an ice-bath. With 20-26 
per cent, chloric acid, the reaction does not begin at once, but when once started 
(10-15 min., or by gentle licating), the iodine disappears in ir>“-20 min., and cooling 
is not i\ecessary, nor are iodine fumes evolved diiring the reaction. A 3 per cent, 
excess of chloric acid maintains tlie iodine as iodic acid during evaporation, and 
removes any hydrogen. <*>hloride formed during the ])rocevSS as chlorine. The yield 
of powdered iodic anhydride was found to be 99*6 jxu cent, of tlie iodine used, and 
the ])roces.s is simple, rapid, and economical. 

H. Kammercr also noticed iliat iodiiu^ 1 ransforrns bromic acid into iodic acid and 
bromine : 2}IBi03-{-l2 -2HiO;} hB^'2* Similar remarks apply to tlie iodate of the 
alkalies and alkaline earths, for by heating an inlijiiatc juixtiiro of the iodide and 
chlorate ii}) to the, temp, at which the chlorate gives off oxygen, the iodide is oxidized 
to ioda1(’ : Bal2-j-21v(303-- Ba(l<);3)2-|-2K(.l. According to J. L. Lassaigne, an 
acj. soln. of siU'^er nitrate transforms iodine into iodic and nitric acids, and transforms 
iodine into iodic and nitric acids, and silver iodide ; C. \Voltzi'e?\ treated dry silver 
nitrate with an alcoholic soln. of iodine ; and II. Kiimmerer treated silver iodate in 
the presence of water with iodine: oAglOg r3l2+3Jl20- 6JIl()3H-5AgI. The 
aq. soln. of iodic acid is decanted and coikj. })y evaporation. Potass] un\ iodate and 
free iodineare formed by treating moist potassium iodide with ozone ; or l)y t lie action 
of ordinaiy oxygen at 4(X)^-450‘\ According to Berthelot : 2KT-| 2KIO3 
-l-8h 2 (>als. \V . llcnipel, W. Jdndcr, and W. Reingc oxidized iodides to iodates ])v 
]>oiassium yiermanganatc ; 1. Walz oxidized iodine to iodic acid by a mixture of 
chromic and sulphuric acids ; chromic acid alone gives chromium iodate ; J. J. Ch>lin 
used gold oxide: 3l2d-5Au2034-3H20:^6H103+l()Au ; V. Auger used hydrogtm 
peroxide for oxidizing iodine dissolved in hydriodic acid, in the presence of an excess 
of hydrochloric or hydrobromic acid : 211(1 f-H202 1 2H20+(32 ; U + 3 Clo--- 2 l( 1 . 3 ; 
5I(Jl3 + 9H20^=^3II103 j-loIRI-f-la > H- j\farshall used jiersufphates for the 

same jmrposo. 

In his ginat work on iodine, J. L, Gay LussaeA« showed that the liydroxides of 
the alkalies, alkaline eartlis, magnesium, and zitK* also react with iodine in aq. 
soln.: 6KOII-I-3I2--0KI [-KI(.)3-j-31l20, wliere only five-sixths of the converted 
iodine is in the form of iodate. The sparingly soluble potassium iodate can be 
separated from the iodide by fractional crystallization, or the mixed soln. of the 
two salts can be evaporated to dryness, and extracted with al(5ohol in v:hkh the 
iodide is fairly soluble, the iodate sparingly soluble. The residual iodate is dissolved 
in water, the soln. neutralized with acetic acid, and evaporated to <lryness. Tha 
residue is then w'a.s}ied with alcohol to remove the potassium acetate! A similar 
transformation i.s effected by mercuric oxide suspended in water (J. J. Colij)), or in 
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alcohol, benzene, acetone, or carbon tetrachloride (E. Lippmann), and silver oxide 
suspended in alcohol (0. S. S^rullas). Ilypoiodoua acid in alkaline soln. gradually 
passes into iodic acid : K0I+2H0I=KI08+2HI. The greater the excess of alkali 
present, the slower the reaction ; the higher the temp., and tlie free potassium iodide 
which is present, the faster the reaction. With an excess of potassium hydroxide 
the soln. is colourless, and the speed of the conversion into iodate is approximately 
proportional to the product of the concentrations of the alkali hypoiodite, alkali 
iodide, and hypoiodous acid present ; if the iodine be in excess, the velocity in* 
creases with an increase in the concentration of the potassium hydroxide and of the 
iodine, and decreases with an increase in the concentration of the potassium iodide. 
The effect in the last^two cases is the oppoite of that produced when the potassium 
hydroxide is in excess, so that by gradually increasing the amount of potassium 
liydroxide the brown soln. becomes colourless, the velocity of formation of the 
iodate attains a maximum value, as illustrated in Fig. 10, where the numbers represent 
relative concentrations. 


Cone, or rather fuming nitric acid is one of the most convenient oxidizing agents, 
and iodic acid of a high degree of purity can be made by the oxidation of iodine by 
means of fuming nitric acid. Purified reagents are of course employed. The 
reaction proceeds at ordinary temp, with the formation of oxides of nitrogen and 
iodine nitrate. Heat hastens the reaction, and breaks up the iodine nitrate into 
nitric oxide, iodine and iodic acid. If a 
large excess of iodine be converted into 
iodic acid without loss, the iodic acid re- 
mains insoluble in the residual nitric acid. 

If the iodine be in large enough excess, the 
reaction f)roceeds until the nitric acid is 
so dil. by the production of water in the 
reaction, that it has no furtlier action on 
the iodine even though the acid is cone, 
enough to keep the iodic acid sparingly 
soluble and to hold considerable quantities 
of iodine in soln. The yield of iodic acid 
by the action of nitric acid on iodine is not 
very great — about 4 per cent. ; a much 
greater yield — about 40 per cent. — is ob- 
tained by ilio action of nitric anhydride 

derived from a mixture of fuming nitric acid and phosphoric oxide. T!ie process, 
though suitable for the ot caaioiial preparation of iodic acad on a small scale, is 
wasteful and expensive in large-scale operations. 
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lodio ai'id is host made by digesting iodine and fuming nitric acid in a llask. Tho spent 
fuud is n^placod by fresh acid from time to time until all tho iodine is oxidized. Oissolved 
iodine can bo recovered from the spent acid by dilution. Tho iodic acid so formed is drained 
and dissolved in tho smallest possible c|uaritity of dib nitric acid, and t lie soln. evaporated in a 
dish of fusivl ((uartz so as to expel nitric acid and unchanged iodine. The residue is re-dissolved 
in water and again evaporated until a film of solid appears on the surface. This .solid is 
not iodic acid, but probably a corn])ound with less water. Tho .soln. crystallizes slowly, 
and oi;cupies some days. The solubility of tho a<*id is high* — 7.’> per cent, at 25° — and the 
temp, coell’. of the solubility between 100^ and 0° is small. Hence it is necessary to work 
up the mother licpiors for successive crops of crystals. Tho crystals can be drained in 
a centrifugal inachino. The iodic acid has frequently an aromatic odour which can be 
removed by a sufficient number of crystallizations. 


A. Scott and W. Arbuckle obtained a 74 per cent, yield by using a round- bottomed 
flask with a long neck and a small flame so as to minimize the loss of io<line due to 
its vaporization with steam and the oxides of Tiitrogen. It required 10 days of 
8 hrs. each to oxidize 1(X) grins., removing and renewing the spent acid each morning. 
By using iodine infine powder with I0tol2 times its weightof nitric acidof sp. gr. i r». 
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and leadfii^ a sttoam of oxygen througb. tbe liquid, 20 to 30 ixunutes’ boiling sufficed 
to convert all the iodine into iodic acid. 

Q. S. Serullas obtained iodic acid, pure enough to leave no residue on ignition, by 
heating an aq. sohi. of sodium iodate with an excess of sulphuric acid up to its b-p. 
Iodic acid separates from the filtrate, and the mother liquor, containing sodium 
sulphate, sulphuric acid, and a little iodic acid, can be poured away. The solid is 
washed with a little water. J. L. Gay Lussac made the acid by decomposing 
barium^iodatc with dil. sulphuric acid, and, after decanting the clear liquid from the 
precipitated barium sulphate, evaporating slowly until the liquid reached the point 
of crystallization. According to J. S. Stas, the crystals so obtained are always 
contaminated with sulphuric acid or baryta. The acid can bo removed by boiling 
a soln. of the acid with a little barium iodide, filtering off the precipitated sulphate, 
and crystallizing out the iodic acid as before. 

j\I. Guichard ])arilied iodic acid by adding an equal volume of nitric acid (sp. 
gr. 1 * 33 ) to an aq. soln. of the impure acid, and concentrating the soln. until 
the iodic acid crystallized out. The operations are repeated until the acid is of the 
desired degree of purity. When the acid is crystallized in the presence of free 
sulpliiiric acid, some iodine pentoxide is usually present. G. S. S 6 ru!las decomposed 
sodium iodate. with an excess of hydrofluosilicic acid and evaporated the filtrate to 
dryness. In the latter case the iodic acid leaves a non-volatile residue when 
ignited. Hypoiodoua acid, and aq. soln. of iodine tetroxide, and of periodic acid 
decompose with the formation of iodic acid. Similar remarks ap])ly to the corre- 
sponding salts. A. Riche j)repared a sola, of iodic acid by the electrolysis of 
hydriodic. aeid, or water in wdiich iodine w^as .suspended. Iodine is oxidized by the 
oxygon developed on the anode. As with the chlorates and broraates, alkali iodates 
can be formed by the elcctrolj'sis of soln. of alkali iodides, jind there is a very ra])id 
conversion of iodides to iodates even in alkali soln. The conditions which favour 
the formation of iodate are increasing temp., and concentration of the iodide, and 
decreasing alkalinity of the soln. 

A. Hantzsch also made iodic acid by the hydrolysis of azoimide iodide, Ngl, 
where the intermediate ])roduct is hypoiodous acid : H20+N3t— HOl+NsH ; 
followc'd by : r>H01^2H20 f2l2+JU03. 
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§ 12. The Properties ot Chloric, Bromic, and Iodic Acids and their 

Salts 

Chloric and broniic acids are not known in a free state, but only in aq. soln. and 
in the form of their salts. Iodic acid occurs as a white powder and in colourless 
crystals. Chloric and bromic acids form colourless aq. soln. which, by evaporation 
in vacuo, can be cone, to syrupy viscid liquids which first redden and then bleach 
blue litmus. When cold the aq. soln. have no smell, but when warm, chloric acid 
has a smell recalling that of nitric acid. The taste is like that of a strong acid. 
The cone. soln. of chloric acid does not crystallize when cooled to —20'^. Tlie soln. 
are stable when dil., and become less stable as the concentration increases, Soln. 
of bromic acid can be cone, on a water-bath until they contain between 13 and 14 
per cent, of HBrOg; when the attempt is nriade to concentrate further, the soln. 
begins to decompose, giving off oxygen and bromine. When the concentration is 
conducted under reduced press., in the cold, the decomposition docs not begii\ until 
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tile liquid dontaina about 50‘6 per cent, of HBrOg. Tie of auoh 

^ »soln. corrt?sponds with the heptdhyditaled htomic ^oid, H[i5rO^'*f^7H^O* 
coFdinghr H. Kammerer thought that this correspond^Mi with a definite hydrate, 
although the evidence is not worth very much. Similar remarka appljr to soln, of 
chloric acid. When the soln. has a density of 1*282 at its oompoaitiou eorre- 
spondfl with HClOa-hTHaO. If the attempt be nuade ^ concentrate the solution 
further, by <wa}>oration in the cold, in vacuo over sulphuric acid, the acid decomposes 
tumultuously: 8 HC 103 =- 4 HC 1044 - 2 H 20 + 302 + 2 Cl 2 , until its concentration approxi- 
mates to HC 108 + 4 iH 20 . When the attempt is made to distil aq. soln. of chloric 
acid, almost j>ure water first passes over, then chlorine and oxygen gases are evolved, 
and perchloric acid remains behind.^ According to W. 8 . Heudrixson, a 2’5iV-soln. 
of chloyic acid can bo heated to 95"^ without decomposition ; the reports that chloric 
acid decomposes above 40^ appear to be based on the use of impure acid — probably 
containing hydrochloric acid which would decompose the chloric acid — or of a highly 
cone. acid. Bromic acid soln, are also stated to decompose about 40*^. Iodic acid 
decomposes at 110 '' into an anhydro-acid, as illustrated in Fig. 11 . Aq. soln. "of iodic 
acid resemble those of chloric and bromic acids, but when tlie cone, syrupy liquid was 
cooled, N. A. E. Millon obtained a crv'stallinc powder ; and by slow evaporation 
below GC, J. C. G. do Marignac and C. F. Kammclsberg obtained wcU-developed 
prismatic crystals terminated by pyramidal faces, and belonging to the 
rhombic .system, with the axial ratios u : b : c ^ 0*9388 : 1 : 1*3181, according to 
J. Schabus .2 (\ (j.^ Marignof*. showed that these crystals have a composition 
corresponding with HIO 3 , and not, as J. Schabus thought, I 2 O 5 . J. C. G. de Marignac 
says that he succeeded la .mile fois in obtaining crystals in the form of hexagonal 
plates belonging to the rhondne system with the axial ratios : a:b:c 
=0*6399 : 1 ; 1*1994, and angular measurements approaching the values recorded 
by C. F. Rammelsberg, This makes it appear as if iodic acid may be dimorphous, 
but as C. F. Rammelsberg stated, tlie diniorpliism has not yet been established. 
The optical properties of J. Schabus’ cry.stals have been studied by J. Gruhlich 
and V. von Lang. K. Groschull prepared a hygroscopic amorphous mass of iodic 
acid as an under-cooling soln. The crystalline forms are not deliquescent. 
According to 11. Croft, when syru])y iodic acid is evaporated over sulphuric acid 
it formas ozone at the moment of crystallization. 

According to H. Kammerer, 3 the specific gravity of a 19*00 per cent, soln, of 
chloric acid is 1*128 ; of a 23*82 per cent, soln., I IGI ; and of a 39*98 per cent, soln., 
1*262 all at 14^ ; and, according to R. Reyher, at 25'' (water at 25'^ unity) the 
sp. gr. of soln. with A-moI. per litre is iY-soln., 1*0185 ; ^N, 1*0244 ; JiY, 1*0126 ; 
and JA, 1 0004. E. Ruppin found a kilogram of the AiV-solu. of chloric acid had a 
sp. gr. 1*0223 at 25". 

According to A. Ditte,^ the sp. gr. of solid iodic acid is 4*629 at 0 ^ and 4*816 

‘^ 9 - ‘^oln. at 12*5^^ is 2*812 ; II. Kammerer gives 2*1629 
at 13 , and E. GroAschulf gives 2*4256 at 13*5" (water at 4^^ unity) and 2*4711 at 18". 
J. TliomsOT makes the sp. gr. of aq. soln. containing /i-mol. of water per mol. of iodic 
acid~II 103 -f^dl 20 — to be ^ 


H 

Sp. gr. . 


. 10 
; 1-6609 
34-3 


20 

1*3660 

31*4 


40 

1-1945 

30-1 


80 

1-1004 

29-6 


160 
1*0512 
27 2 


320 

1*0258 

26*8 


where the last line refers to the increase in the mol. vol. of the dissolved aeid per mol' 
T ^ contraction occurs when soln. of iodic acid and water are mixed" 

J. Tton^n represents the mol. vol. v of aq. soln. HlOg+nHaO at 17“ by the formula 
«— 18»+39 1— 13 ln/(18+n). H. Kammerer gives the following data for the 
sp. gr. of soln. of iodic acid at 14" : . 


1^05 per cent. 
Sp. gr. . 


1 

1 *0063 


10 

1*0625 


20 

*2093 


30 

1*3484 


40 

1-5371 


50 

1*7350 


60 

1*0954 


65 . 
2*1209 



Slides and oe chloeine, etc. sot ' 

; R/ .Bts«*0 valtt^' iot ihe specific viscosilb!^. of- oomal soln. of chloric acid at 25® 
ifl 1*0520 ; iojr ^iY-soln. 1*0255 : for JN-soin. 1*0145 ; and for JN-soln. 1*0059. 

Accor^og to A. Ditto, ^ the coefficient ifit thennal expansion of solid iodic acid 
from 0° to 50*8° is 0*0002242; and the specific heat, 0*1625. A. Dittc also states that 
soh). of iodic acid sat. at 12*5°, bohs at 104° ; and H. Kanuuerer that the soln. sat. at 
13°, boils at 100°, and freezes at —17°. According to E. Grosohull, sat. soln., with 
IgOs-HlOs as solid phase, boils between 111° and 112° at from 766 mm. to 775 mm. 
press. According to H. Lescceur, the vap. press, of a soln. of iodic acid sat. at 20° 
is 11*6 mm. I’he mol. wt. determinations of A. Rosenheim and 0. Liebknccht from 
the raising of the boiling point of soln. of iodic acid give a mol. wt. of 143 for soln. 
with 3*31 grins, of HIOj in 100 grms. of water and 202 for soln. with 29*95 grms. of 
HIOs* J. H. van’t Hoff’s factor in the former case is *=1*23 ; and in the latter 
0*87. This indicates that at the b.p. dil. soln. contain partially ionized monobasic 
HIOj, and more cone. soln. the polymerized acid, possibly H2l20g. E. Groschuff 
also determined the factor i by the freezing-point method. W ith soln. containing 
0*5911 grm. of HIO3 per 100 grms. of water, the mol. wt. was 101*3 and t=l*737 ; 
with soln. containing 13*58 grms. of HIO3, the mol. wt. was 170, and i==l*035 ; and 
with soln. containing 245*3 grms. of HlOg, the mol. wt. was 370*5, and i=0*475, again 
showing that in cone. soln. the io^c acid is probably polymerized to H2l20o and 
HslsOf — the dihydro-iodate, KH2I3O9, can be regarded as a salt of the polymerized 
acid, (11103)3. In dil. one per cent. soln. the molecule of the acid seems to be normal 
HIO3. Anhydro-iodic acid can be regarded as a derivative of the polymerized 
acid : H3l3O9=H20-4-l206.Hl08 ; and a further stage in the decomposition at 
190°-200° is represented 2H8l809=3H20-t-3l205. 

N, A- B. Mfflon (1843) ® showed that the dehydration of iodic acid, HIO3, occurs 
in two stages. By keeping the acid for a long time between 30° and 40° in dry air, 
or by heating it rapidly at 130°, it loses two-thirds of its water ; and the remaining 
third at 170°. The intermediate product, said N. A. E. Millon, is a definite hydrate 
of the composition I2OS.JH2O. This corresponds with the anhydro-iodio aoid, 
I2O5.HIO3. C. F. Rammelsberg (1844) believed that on dehydration, the acid 
passes directly into the anhydride ; and A. Ditte (1870) and H. Lescceur (1890) 
found the vap. press, of Millon’s intermediate product is the same as that of a mixture 
of iodic acid and the anhydride, a fact which made it appear as if the intermediate 
product is notliing more than effloresced iodic acid. B. Groschuff (1905), and 
G. P. Baxter and G. S. Tilley (1909), have confirmed the observation of N. A. E. Millon 
that the first product i^f the dehydration of iodic acid is an anhydio-acid with the 
composition I2O6.HIO3. If iodic acid be rapidly heated, it melts at 110° with the 
separation of a solid phase, I2O4.HIO3 ; if the acid be slowly heated to 110°, it de- 
hydrates completely without fusion, forming pentoxide, I2G5, if the time of heating 
be sufficiently prolonged. The heating curve shows a terrace between 110° and 
190°, corresponding with the existence of the intermediate phase, I2O5.HIO8 ; and 
G. P. Baxter and G. S. Tilley mentioned one case of superheatiixg without the appear- 
ance of this phase. H. Kammerer reported the formation of hexagonal crystals of 
a 4t\-1iydrctted iodic acid, HIO3.4JH2O, by cooling sat. soln. to —17° ; these crystals 
fuse at — 15°. E. Groschuff could find no evidence of the existence of Kammerer ’s 
hydrate, or of any hydrate other than Millon’s I2O6.HIO3. Millon’s acid passes 
into ordinary iodic acid in the presence of water. It is insoluble in alcohol ; and 
boiling alcohol dissolves only a trace. According to M. Berthelot,'^ the heat of soln. 
of one part of the acid in 45 parts of water at 12° is —4290 cals. In addition to 
anhydro-iodic acid prepared by N. A. E. Millon, I2O6.HIO3, a second anhydro-iodic 
acid has been reported by P. Chretien * as resulting from the soln. of an excess of 
iodic acid in a syrupy soln. of phosphoric acid at 150°, and slowly cooling the solu. ; 
or by the cooling of a soln. of iodic acid in sulphuric acid containing between 4 to 5 
mols. of H20 per mol. of H2SO4. The acid separates in crystalline plates. The 
analysis corresponds with 2I205.H20, that is, I3O6.2HIO3, or H2l40ii. According 
to M.“ Berthclot, its heat of soln. is 2l2O5.H2O-|-1700H2O=-5720 cals, at 12°. 
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The individuality of this acid has not yet been established* According to 
H, Lescoeur (1881)), the crystals of iodic acid deposited from its soln. in dil. nitric 
acid are monohydraUd iodio acid, HIOa.HgO ; from soln. in^ cone, nitric acid, 
anhydrous iodic acid, HIO3 ; and from soln. of nitric acid of intermediate cone., 
mixtures of monohydrated and anhydrous iodic acid. 

The heat ol formation of chloric acid deduced by J. Thomsen from the reduction 
of chloric acid with sulphur dioxide, is H+Cl+30-faq,=HC]03aq,+23*9 Cals., 
and 24*0 Cals, from the beat of decomposition, KCl03=KCl+30+9^7 Cals. 
M, Berthelot found 20*5 Cals, from the reduction of barium chlorate with sulphur 
dioxide. From the second of J. Thomsen's values: 2Cl4‘50+aq.=:2HC103 
+10*2 Cals. For bromic acid, Bro (liquid) +60 +aq.=2HBr03aq. --4:9*6 Cals. 
(M. Berthelot); and —43*52 Cals.; Brg (gas)+50+aq.=2HBr03aq,— 42*2 Cals. 
(J. Thomsen).® H +Br +30 +aq.==Hl 03+12*4 2 Cals. For iodic acid, l2+50+Aq. 
-2HI08aq.+43'237 Cals. ; H+I+Aq.=HI08+55*797 Cals. ; Isoiid+30+H 
=*}I103+59*8 Cals. ; l206+Aq.=2HI03aq.+2*r)4 Cals. The heats of formation 
of aq. soln. of the three acids IIX decrease as the at. wt. of the halogen X increases 
— Hulftq,, 39*32 Cals. ; HBra,,., 28*38 Cals. ; Hlaq., 13*17 Cals. ; but with the 
HXO3 acids, the heats of formation decrease from chlorine to bromine, and then 
increase very markedly in passing from bromine to iodine — ^HC103ftq., 23*94 Cals. ; 
HBrOsa^j., 12*42 Cals. ; and HlOsaq., 55'8 Cals. Similar results are obtained with 
the corresponding salts. Thus, with the potassium salts, KCl, 105*61 Cals. ; KBr, 
95*31 Cals. ; and KI, 80*13 Cals. ; and also with KClOs, 95*84 Cals. ; KBrOg, 
84*062 Cals. ; and KIO3, 121*489 Cals. The heats of neutralization of chloric, 
bromic, and iodic acids in dil. soln. are nearly the same, and approximate 13*8 Cals., 
corresponding with the value typical of the stronger acids. A. R. OLson calculated 
the free energy of the reaction; 3(42aq-+3H20=6ir+501'+C10'8 at 25'' to be 
6640 cals., and the liJ^at of formation of the chlorate ion : 0*50l2(gas) +1*502+© 
=^—1374 cals, at 25°, 

Aq. soln. of chloric, broniic, and iodic acids are decomposed by the electric 
current with the separation of oxygen and the halogen at the anode. Hypochlorous 
acid is forpaed in the case of chloric acid. \V. Ostwald’s values for the molecular 
conductivities A of aq. soln., chloric, bromic, and iodic acid in v litres of water at 
25°, are : 


V . . . 2 

HClOj . .77*9 

HBrO. . . — 

HIOs. . . 42*67 


8 

32 

128 

82 a 

85 3 

87*9 

— 

70-4 

84-1 

69 0 

72*3 

SO '2 


612 

1034 

4096 

88 7 

88*6 

85*7 

87-4 

, 88*4 

88*8 

81*8 

83*1 

81*8 


J he maximum value for chloric acid is 88* / ; accordingly, also, 88 per cent, of the acid 
in ^iV-soln. is ionized. The conductivities of chloric, perchloric, and nitric acids 
are of the same order of magnitude. Bromic acid thus has a low^er conductivity, 
and is therefore a weaker ficid than hydrobromic acid, but stronger than iodic 
acid ; and iodic acid is weaker than hydriodic acid. The conductivities and the 
lowering soln. of cliloric, bromic, and iodic acids point to the respective 

formula} JiC103, lIBr03, and HIO3 ; but iodic acid is polymerized in cone. soln. The 
molecular conductivity of soln. of iodic acid v—i rises from 102 at 0“ to 223 at 75° • 
for v==2 from 126 at 0°, to 275 at 75°, and 279 at 80° ; and for v=l024 from 239 
at 0® to 634 at 80°. J. H. van’t Hoft’s factor i=:14-(m_l)Ai./A„, where n is the 
number of ions, agrees with the assumption that in dil. soln. the molecules are not 
polymerized, and in cone, soln., that they are polymerized to HglgOa. W. Ostwald 
also found the inversion constant of chloric acid for cane sugar ranges from 97*2 to 
103*6 when the value for hydrochloric acid is 100. The velocity of the ClOo'-ions 
is 587 X 10~® at 25°, and 322 x 10~* at 0°. F. Kohlrausch’s values for the mobilities 
of the CIOs', BrOa', and lOa'-ions are respectively 55, 46, and 33*9. G. N. Lewis and 
M. Randall give for the free energy of the reaction : I,o!id4-3HaO,i,,„id=6H*+IOft', 
137*59 Cals, at 25°; for I«,ud4-i02==I08'. -32*27 Cals, at 25° ; and for the 
Br03'-ion, 1*69 Cals. 
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E. OroschuS's S0la1>Ui^ oucves of iodio acid in water per 100 grms. of aoln. 
are indicated in Fig. 11. 

- 14 ° 0 ° 16 ° 80 ' 101 ° 110 ° 125 ° 160 ° 

Grms. 1*0, 091 703 71-7 78-3 80; 8 82 1 827 85-9 

Solid phase ' HIO, IijO,.HIO, 

The solubility of iodic acid in water, and the f.p. curve of soln. of this acid are indi- 
cated in E. Groschuff’s equilibrium diagram. Pig. 11. The eutectic temp, ia about 
— 14° with 72'8 grms. HlOs, or 69T grms. I2O5 per 100 grms. of soln. ; or 8 29 mols. 
of H2O per mol. of laOg. The transition temp, of HIO3 into the anhydro-iodic 
acid, I206.H103, is 110° when the soln. has 86’5 grms. of HIO3, or 82T grms. of 
IgOs per 100 grms. of soln. ; or 4‘05 mol. of water per mol. of IgOs. The conversion 
of IgOs.HIOg into iodine pentoidde, J2O5, is between 190° and 200° — probably 
196° — ^the exact temp, is dilficult to determine on account of the slowness of the 
change. The solubility at — 19° is 72'3. There ia no sign of hydrates, 2HIO3.9H2O, 
and of HIO3.5H2O, reported by H. Kammerer. 

Iodic acid is much less soluble in nitric acid than in water ; the decrease is more 
marked at 0° than at 60°. For example, E. Groschuff gives 
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Iodic acid readily forms under-cooled soln. with water and with nitric acid. The 
solubility becomes very small as the cone, of the nitric acid increases, a fact noted 
by .G. S. Serullas in 1830. The presence of 
sulphuric acid also diminishes the solubility of 
iodic acid, but there is a reaction between these 
two reagents — vide infra. 

N. A. E. Millon found iodic acid to be in- 
soluble in absolute alcohol, but 87 per cent, alcohol 
dissolves almost half its weight of iodic acid ; the 
acid is also insoluble in acetic acid, ether, chloroform, 
carhon disulphide, and in hydrocarbons. 

The decomposition of chlorates, bromates, 
and iodates by heat.- Vide oxygen. The action 
of heat on chi orates •cither liberates the whole of 
the oxygen, and leaves a residue of the chloride — 
e.y. the chlorates of potassium, sodium, barium, 
mercury, and silver — or, if the metal has a 
greater affinity for oxygen than for chlorine, five- 
sixths of the oxygen and all the chlorine is liberated, and a metal oxide or a mixture 
of oxide and chloride remains —e.g. the chlorates of magnesium, zinc, and aluminium. 
According to M. Berthelot, K0103~>KC1+30— ITO ( ’als. The case of potassium and 
sodium chlorates has been discussed in connection with the preparation of oxygen. 
A. Potilitzin has studied the decomposition of barium and strontium chlorates ; 
W. H, Sodeau, calcium, silver, and lead chlorates ; and D. K. Dobroserdoll, alu- 
minium chlorate. The case of the bromates is quite similar, and J. S. Stas found 
that even with the alkali bromates, traces of bromine accompanied the oxygen. 
According to M. Berthelot, KBrOs-^KBr-f-SO—lld Cals. The decomposition of 
barium and strontium bromates has been studied by A. Potilitzin ; and of aluminium 
bromate by D. K. Dobroserdoff. Barium bromate begins to decompose about 
260^-265*^, and the decomposition is vigorous about 300^". Iodates decompose in 
a general way similar to the chlorates and bromates, but at a rather higher temp. 
According to M. Berthelot, KI03-»KI+30— 44*1 Cals. 0. F. Kammeisberg says 
that at no stage in the decomposition is any periodate formed, and that the solid 
residue of the action with potassium iodate and with barium iodate contains both 
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Grcim. 4-^5 perioo^ram. of solution 

Fig. 11.- Equilibrium Diagram of 
the llinary System Iodine Pent- 
oxido and Water. 
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oxide or peroxide, and an iodide or ah oxyiodid®. bui E<,“II. Cook shov?<^ that 
although a little iodine (()-3()8 per cent.) may be evolved dimug Oie decomposition of 
potassium iodate no poriodatc is formed, and the residue is ])otassjuin iodide. 
C- V. liammelsberg’s residues probably contained undecomposed iodate. According 
to F. Schonbein, if the iodate is mixed with pyrolusite or graphite, the products 
of the reaction arc iodine, oxvgen, and potash. 

According to J. L. Gay lmssac,i® aq. sola, of chloric acid do not decompose in 
light) but according to N. A. E. Millon, when cone, chloric acid is kept for two 
months beside cone, sulphuric acid, some perchloric acid is formed. A. l^edler 
exposed 0 2N, 01 N, 0 05 A, and 0 03A'-aolu. of chloric acid for 15 days to tropical 
sunshine, and as a result found that the decomposition of the acul in dil. soln. is 
negligibly small, and this acid may be regarded as an end-product of the action of 
sunlight on chlorine water. ^I. Berthelot states that iodic acid is decomposed by 
exposure to sunlight— at ordinary or at elevated temp. Soln. of . chlorates ^a^d 
bromates arc fairly stable in light, but they arc slowly decomposed by ultrsi-Viblefc 
rays which arc normally cut olT by the glass of the containing vessel. The amount 
of salt decomposed in a given time is proportional to the time of exposure in the 
case of soln. from O oA'- to () ()2iV-strength. The presence of sugar accelerates the 
reaction, and this the more witli bromates than (chlorates. 

Chloric acid decomposes organic substances very rapidly often with intlam- 
mation — e.g. G. S. Serullas soaked filter paper with chloric acid, and found that it 
spontaneously inllamcd, and litmus paper was first reddened and then bleached; 
bromic and io<lio acids behave similarly towards litmus. According to W. Feit and 
K. Kubierschky,!^ bromic acid is a stronger oxidizing agent than either iddorif' or 
iodic acid. It transforms sulphur into sulpluiric acid faster than chloric, iodi<‘, per- 
manganic, chromic or nitric acid, bromine water, or hydrog(m peroxide. Sulphur is 
not attacked by cold iodici aedd, Imt in a sealed t ube at 150- it forms sulphuric acid : 
selenium under similar conditions is oxidized at 2(H)' ; white aiid rod phosphorus 
are immediately attacked, forming pJiosphoric acid with th(‘ liberation of iodined'^ 
Arsenic forms arsenic acid, JIany organic subsinnocs are cpiantitativcly oxidized 
by bromic, chloric, and iodic acids to carbon dioxide and water '""f'.r/. with oxalic 
acid: e 5 i{ 2 C 204 + 2 lIBr(> 3 “^l()C 02 rblJoG r I.>r 2 . An excess of oxalic a('id with 
iodic acid behaves similarly in the presence of sulphuric acid ; and if tlie excess of 
oxalic acid or the liberated iodine be titrated the iodic acid can be quantitatively 
determined. Similar remarks apply to the chlorates, l>roiiuites, and i<Hiates. 
When chlorates, liromates, or iodates arc mixed with comiuistible or oxidizable 
substances*- carbon, phosphorus, sulphur, base metals — ( ojiper, aluminium, arsenic 
— metal sulphides, sugar, etc. — the mixtures are V(;ry prone to decompose with 
explosive violence when struck with a hammer or heated. 


Mixtures of chlorates with su<'h uiainriul.s must ii(;i be ground logotlioi* w'ith a pestle 
and mortar. The materials slu)uhl lx? gronmi separately, and then carefully mixed on pa])er 
with a feather. iMiosphorus in oont.Hct with a chlorate may cx[)lodo spontanc^ously. Thus 
if a drop of soln. of pliosphorus in carbon disnlplhdo be allowed to fall on a little jiotassium 
chlorate, a loud exj)losion occurs as soon ns the e.arbon disiilpliide has evaj>oratcd. Tho 
red phosphorus in the mixture on the side of a box of saff.ty matches gives a Borie.s of 
sparks when a crystal of potassium elilorato is nibbed tlu'reon, and serious accidents have 
occurred as a result of tho H^*eidental riib)>mg of tabloitls of potassium chlorate against tho 
Bides of a match-box in tho pocket. 


The violence of the explosion is fetdiler with iodates tlian it is w'ith chlorates or 
bromates. The chlorates transform lead oxide to tlie dioxide ; manganese oxide 
in fused alkalies to uuingariates ; etc. Ammonium iodate explodes when heated 
alone. Chloric, bromic, and iotlic acids witli thi*ir salts are energetic oxidizing 
agents. 

The oxidizing action of f)otassium chlorate in neutral or slightly acid soln. is 
greatly facilitated by the jiresenco of traces of osmium tetroxide, OsO^. 

Hydrogen sulphide is oxidized by adding elilorir aei<l to water, .sulphuric acid. 
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and hydrochloric acid ; with broHaic acid, the r^CTiOn k rcj^resent^^ : bHgS+SHBrO^ 
sssiHgO +5112804+4612— if the hydrogen sulphide be in excess, some free sulphur 
is fomed, for, with iodic acid, not only is there the direct reaction : DHoS +8HIO3 
==4H20+5H2S04+4l2, but there is a reaction between the iodine and hydrogen 
sulphide : H2S+I2— 2 HI+S. According to J. W. Slater, 2® hydrogen sulphide 
does not act on aq. soln, of chlorates ; but according to A. J. Balard, the broinatcs 
decompose the gas into water, bromine, sulphate, and sulphur ; iodates, according 
to Rose, behave in an analogous manner. With thiosolphuric acidj^^ the halogen 
and sulphuric acid arc formed ; for example, with bromic acid : 5H2S203+8HPr03 
+£[2^— f^^ 2 ^^ 4 + 4 Rl* 2 * 

fliUphnr dioxide is oxidized by chloric, bromic, and iodic acids, forming sulphuric 
acid and the free halogen : 2HBr03+r)H2S03=H20+r>H2S04+Br2. According 
to W. R. Hodgkinson and J. Young, =22 jf sulphur dioxide be led over powdered 
chlorine dioxide is formed so long as the temp, does not rise 
; at a higher temp., there is a slight incandescence, and a white cloud of 
sulphur trioxide and chlorine is formed. Moist sulphur dioxide acts more rapidly 
than the dry gas ; and if some organic substances arc present, the action is more 
vigorous still. If a drop of a soln. of sulphur dioxide in ether or alcohol is dropped on 
a little powdered potassium chlorate, a white vapour rises, and then the mass 
explodes. According to J. L. Gay Lussac, aq. soln. of the bromates and iodates 
oxidize sulphur dioxide to a sulphate, free sul- 
phuric acid, and the free halogens. The reaction 
between sulphurous and iodic acids or between sul- 
phites and iodates : 211103+5802 f4H20-^5H2804 
+I2, has attracted much attention, because the 
iodine does not appear immediately the subvstances 
are mixed ; there is a well-defined period of time 
— period of induction — between the moment the 
reacting substances are mixed and the moment 
iodine makes its appearance. H. Landolt showed 
that the duration of the interval is dependent upon 
the cone, of the soln. 



30 

Time in seconds 
Km. 12. — Relation between the 
Period of IiHluctiou and the 
Concentration of the Solutions. 


H. LandoWs reaction can bo df'inonstratcd in the 
following manner : Dissolve 1*8 gum. of iodic acid in ti 
litre of water ; also pre[>are a litre of an aq. soln. of O'U 

grm. of SOI iium sulphite, NajSOa. THgO ; iOper cent, sulphuric acid, and 9*5 grrns. of starch 
made into u paste with hot water. Add JOO c.c. of each soln. to separate beakers; and 
mix the two. Note the time w’hen the soln. aro mix€'d. (.-‘oimt the seconds which pass 
before the atareh blue appears. Dil, each soln. to 0*8, 0*6, 0 4, 0-2th of its former concen- 
tration, and repeat the experiments with tlie dil. soln. Plot the results as has been done in 
Kig. 12. If the conoentration and temp, bo constant, the same results can always bo 
reproduced. 


It is supposed that the first action may be due to the reduction of iodic to iodous 
acid, HIO2, thus : ILSO3+HIO3 -=Hl6o f JI9SO4 ; then iodous to hypoiodous acid ; 
H2SO3+HIO2--IIOI+H2SO4; and then to hydriodic acid: I^SOs+IIOI-HI 
' +H2SO4. Tliis, however, is largely hypothesis. In any ease the first stage of the 
reaction results in the reduction of the iodic acid to hydriodic acid : 3H2SO3+HIO3 
=-3H2S04+H1 ; when all the sulphurous acid has been oxidized, this reaction is 
follow'ed by a reduction of the hydriodic acid by tlie excess of iodic acid : HJO3 
+5111 i:~ 3 H 2 G + 312 . If fke sulphurous acid is in excess, there is the reverse, the 
liberated iodine reforms hydrioilic acid : Ii2S03+H20+]2- IT28O4+2HT, The 
first reaction — oxidation of sulphurous acid - must be nearly completed before the 
second one — oxidation of hydriodic acid — can start, because, as indieati’d above, 
the iodine with sulfdiurous acid reforms hydriodic acid. Since the inaximum 
amount of iodic and sulphurous acids are present at the start, tlie first-named 
reaction must be fastest at the beginning, and afterwards gradually slow dowjL 
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Again, since the velocity of a reaction is proportional to the amount of the refecting 
substances present in the system, the second reaction will be the slowest at the 
start, and gradually become faster. The speed of formation of the iodine is there- 
fore the resultant velocity of two consecutive reactions ; and the belated appearance 
of the iodine — ^the period of induction — corresponds with the time required for the 
first reaction to make enough hydriodic acid to enable the second reaction to make 
sufficient iodine to colour the starch. 

The successive steps in the reduction of iodic acid to iodine can therefore be 
symbolized : HI03-->HI->l2, where HI represents an intermediate compound — 
characteristic of consecutive reactions generally. 

The time of the induction is dependent upon two independent constants, 
and /i2- If be the velocity constant of the first reaction, that of the second, 
J. Eggert has shown that the time of the induction t can be calculated with a satis- 
factory approximation to the observed values by the formula : 


Time of induction, - — — 


K2 

K\ 


L, Berczeller has shown that the presence of acids, chlorides, bromides, iodides, 
thiocyanates, and morphine accelerate the reaction ; wliile the presence of tartrates, 
sulphates, oxalates, carbonates, mercuric chloride, bromide, iodide, and cyanide, 
most alkaloids, colloids, proteins, etc., inhibit the reaction. Hydrocyanic acid, 
unlike other acids, also inhibits the reaction. A. Skrabal has shown that Landolt’s 
reaction has a temp, coeff. greater than unity, so that the velocity of the reaction 
increases with a rise of temp. ; but if the system contains an excess of sodium 
sulphate, the temp, (joeff. is less than unity, and the velocity of the reaction decreases 
with a rise of temp. 

0 . Liebreich 2 ^ showed that the reaction is of special interest, l)ecau80 it 
exhibits a dead space in reacting systems, i.e. there is a place in this reacting system 
where little or no reaction takes place. Wlieti alkalies act upon chloral, a white 
precipitate of chloroform appears, but no formation of chloroform aj>pears if the 
reaction takes place in fine capillary tubes ; while if the reaction occurs in a test 
tube, a thin film of liquid (^uitc clear and free from chloroform appears just at the 
upper surface. It is supposed that tlie reaction is modified at the boundary layers 
by the surface tension of the liquid. J. AV. Gibbs proved that the surface layer of a 
liquid will in general differ in composition from the body of the liquid, and for dil. 
soln. he proved tliermodynainically tliat the surface layers of a soluiion arc richer 
or 'poorer in solute according as the addition of the solute lowers or raises the surface 
tension. J. J. Thomson has further shown that if surface tension of a soln. in- 
creases as a chemical reaciion progresses, capilkDily will tend to stop the reaction; and 
conversely, if the surface tension diminishes as the reaction progresses, capillarity will 
tend to increase the reaction. Otherwise expressed : 


The of the forces bciwwii the molecules of a li(]uid will be to proinote any change 

which diminishes tho surface tension at a fresh surface. For examples if any chomical 
action will diminish the surface tension, that action will take ]>lace more readily at tho 
fresh surface than in the body of tho liquid. If tlio liquid be a salt sola, the salts will fiook 
to the surface if the surface tension of a cone. soln. is lo^s than that of a dil. one, and recede 
from it if it is greater. If two isomeric <'onipounds have different surface tensions, then 
spraying or bubbling air through a mixture will inereas(i the ])roportion of tho one with the 
smaller surface tension. The molecules of a conij)oiind AH might split up at the surface 
layer into atoms, if a layer of dissociated atoms either mixed together or in separate layers 
would give a smaller surface tension than the undissociated liquid. 

According to H. Kam merer, 25 chloric acid reacts with bromine, giving only traces 
of bromic acid ; but with iodine it forms iodic acid, and with i(^ine chlorides it 
furnisliCH io<lic a(*id and ehloiine ; bromic acid is not affected by chlorine, but 
with iodine it forms iodic? acid. AVhen a soln, of potassium chlorate acidified with 
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nitric acid is treated with iodine, the main reaction is determined by the concentra- 
tion of the nitric acid and of the iodine. With dilute acid, the main reaction is 
symbolized : 10KC103+6l2H-6H20=10K103j+2HI03+10HCI ; with conceMrated 
acid: ?KC1034-l2==2KI08-f CI2 andKC103+l2=KI03+ICI. By distilling iodine with 
jK)tassium chlorate, F. Wohler 20 obtained iodine chloride, and potassium chloride and 
iodate. A boiling soln. of potassium chlorate takes up the eq. of a gram-atom of 
iodine without discolouring the soln. ; further additions of iodine colour the soln. 
yellow and then brown, forming potassium iodate and iodine chloride. A. Potilitziii 
represents the reaction : SKCiOs 4-312 +3H20===5KI-f-5HC103+HI0s, followed by 
KI4-HI08-HI+KI03, and by Hl-f HC103-=HCl4-HI03. Sodium and barium 
chlorates behave similarly. Bromine acts on aq. soln. of the chlorates in darkness 
forming bromide, chlorine, and bromic acid. H. Kammerer reported that chlorine 
exerts no action on bromates. According to A, Potilitzin, when chlorine is passed 
for 50 days through a sat. soln. of sodium bromate, in darkness, bromine is formed 
and the soln. contains the metal chloride, and chloric and bromic acids. The 
main reaction is represented : 5NaBr034'3Cl24"3H20=5NaCl4'5HBr03+HCI03. 
Chlorine and bromine do not act on iodic acid or the iodates. H. Schulze found 
that most of the chlorides, bromides, and iodides when melted with potassium 
chlorate give the free halogen and metal oxide — the silver and mercury halides are 
not attacked. According to G. S. Scrullas, when a soln. of a mixture of potassium 
chlorate and iodic acid is evaporated, crystals of potassium iodate or of acid potas- 
sium iodate separate, and the mother liquid contains potassium chlorate and chloric 
acid. 

J. L. Gay Lussac and L. N. Vauquelin noted that hydrochloric acid is decomposed 
by chloric acid into chlorine and water. An aq. soln. of potassium chlorate reacts 
slowly with dil. hydrochloric acid with the evolution of chlorine. The first stage of 
the reaction is probably : HC103+2HC1^3H0C1, followed by a reaction between 
tlie hypochlorous and hydrochloric acids : HCl-f-HOCIr—HaO-i-CL^. The complete 
reaction is represented : HC1034“5HCl=:=3Cl2+3H20. Raising the temp, increases 
the rate of evolution of the gas ; and the reaction is accelerated with platinum as 
catalytic agent. A cone. soln. of potassium chlorate, says R. Wagner, gives very 
little chlorine with dil. hydrochloric acid unless the mixture be warmed : KCIOj 
-f-bHCl=KCl 4 - 3 H 204 - 3 tl 2 * L. von Pebal and G. Schacherl have ba.sed a process 
for the preparation of chlorine on this reaction. Cone, hydrochloric acid with a chlorate 
furnishes chlorine dioxide, CIO2, chlorine : 2Kn()34-‘lHCl“ - 2 KCl -f Cl2+2(>102 
4 -' 2 IT 20 . When a broinatc is treated with hydrochloric acid, it forms bromine and 
cldoiine : 2KBr034-l2H(1“2KCl4-Br24-5Cl24 6H2O. Cone, hydrochloric acid also 
decoin})Oses tJie iodates to form water, chloride, free chlorine, and iodine chloride. 
The latter may form a double salt with the chloride : KI 03 -f- 6 HCl— 3H2O+CI2 
*[ KCI.ICI3. R. Bunsen showed tliat in the reaction between potassium chlorate, 
potassium iodide, and cone, hydrochloric acid, three mols. of iodine are separat ed for 
every mol. of potassium chlorate decomposed. According to C. Winkler, an aq. 
soln. of potassium chlorate and iodide is very slowly decomposed with the separation 
of iodine by dil. hydrochloric acid ; but if a considerable excess of the acid is 
used, the reaction may be completed at ordinary temp, by the decomposition of 
all the chlorate. Similar remarks apply if potassium bromide is used in place of 
the iodide. H. Ditz has founded a method for the quantitative determination of 
chlorates on this reaction. R. Luther has shown that a feebly acid soln, of potas- 
sium bromide and chlorate which develops bromine very slowly, completes tbe 
reaction very quickly if a vanadium salt be present. 

A. J. Balard showed that bromic acid is decomposed by hydrobromic acid into 
bromine, and water ; by hydrochloric acid into water and bromine chloride ; and by 
hydriodic acid into water and iodine bromide. There are nine reactions belonging 
to tliis set, namely^ chloric, broiuic, and iodic acids each with each of the three haloid 
acids — H( 4 , HBr, and HI. The kinetics of these reactions have been studied 
extensively.-® \V. Bray has shown that the velocity of the reaction between 
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bUork^^ potassium lodidie, bySroeblo ieiS % i^jropomonS 1<> 
concentration of the chlorate, and to vthe square of the concentration of the aoidj 
and is a linear function of the concentration of the potassium iodide. The spew 
of the reaction is doubled every 8*6*^ rise of temp. The results are explained by 
assuming that the chloric acid is reduced by a slow reaction to chlorous and hypo- 
chlorous acid : HCIO3+HCI—HOCI+HCIO2, or HCIO3+HI— IIOf+HGlO^ ; 
and the subsequent reduction of the hypochlorous (or hypeuodous) and chlorous 
acids proceeds very quickly. The reaction between potassium chlorate, iodide, and 
sulphuric acid has been investigated by J. McCrae. ^ ^ ' • ; 

The kinetics of the reaction between bromic acid and hydriodic acid have. bfen 
investigated by W. Ostwald (1888), W. Meyerhoifer (1888), Gf-. Magnanini (j89w, 

’ etc.^^ W. Ostwald showed that the reaction between hydriodic and bronlic Abma 
is accelerated by the presence of various acids—arsenic, phosphoric, hypo;^piar‘> 
phorous, hyposulphurous, sulphuric, hydrochloric, nitric, chloric, perchloric, hj^tjrjt^ 
bromic, lactic, formic, acetic, and propionic acids — at a rate which is 
proportional to the affinity constants or the molecular conductivity of the added 
acid ; Ixydrobromic acid accelerated the reaction at a faster rate than corresponded 
with the velocity constant. R. H. Clark has shown that the rate at which iodine 
is liberated in soln. containing potassium bromate, potassium iodide, and hydro- 
chloric acid is proportional to the concentration, Cj, of the bromate, to the con- 
centration, C2, of the iodide, and to the square of the concentration, C/3, of the acid ; 
otherwise expressed : Velocity of the reaction— where K is the velocity 
constant ; if potassium bromide is present in addition, the two halide salts are 
oxidized independently. The potassiiun tri-iodide formed by a secondary reaction 
slightly accelerates the reduction of the bromate. Raising the temp. 10*^ multiplies 
the rate of the reaction 1*85 times, W. Judson and J. W. Walker find the reaction 


between hydrobronuo and bromic acid in the presence of an excess of sulphuric acid 
to be bimolecular. The simjfiost equation is 5HBr-[-HBr03~3H20-f3Br2, 
apparently a seximolecular reaction. The dilTerence is explained by assuming that 
the reaction takes place in diflerent stages some of which arc extremely rapid. 
For example, if the reaction occurs in three stages : (i) In the first stage, hypo* 
bromons and bromous acids arc produced: HBr4-HBr03-- HBr0--l-HBr02 ; 
(ii) The , hypobromous acid is reduced by the hydrobroinic acid: HBr+HBrO 
=H20-f-Br2 ; and (iii) The bromous acid is reduced l)y the hydrobroinic acid : 
HBr02d'3HBrrr=:2H204 2Br2. The reductions of the hypobromous and bromic 
acids are probably very fast reactions in the presence of a large excess of sulphuric 
acid, and the speed of the first reaction is alone accessible to measurement, and the 
change in the concentrations of the acid in view of the large excess present is negligible 
— alienee C3- is a constant ; on the other liand, witJi the pure acids, the acidity of the 
soln. steadily decreases, and two weak acids- hypol>romous and bromous — are 
formed, so that tlie reaction proceeds quadrimolecularly as found hy R, H. Clark. 
R. Luther and (r, V. Sammet tried to measure the equilibrium constant of the 
reaction: HBr(>3-j'f)HBrr=^3Br2+3H2C), indirectly from the electromotive force of 
the cell PtlH', Br03, Br2l | [Bto, Br' IPt, and found the extraordinarily small number 
7*3xl0~*^^ at 25®. J. Sand found the equilibrium constant of the corresponding 
reaction Avith chloric acid: IIOlOg-fOHCl^SClgH 31120, to be and 

with iodic acid : HlOg-f r)Hl;?=i3l2+3H20, 2-8x at 25®, and 5*2 aV 

GO®. The reaction in acid soln. is virtually completed in favour of the compounds 
on the right side, and the left side in alkaline soln. Similar remarlcs aimly to the 
reaction : HBrOg+oHI— 3Br2+3H20. 

According to H. Kammerer,^^^ chlorine and brominf, have no action on iodic 
acid. E. Soubeiran found that iodic acid wilh hydrochloric acid produced water, 
iodine chloride, and chlorine ; and J. L. Gay Lussac found that with hydriodic 
acid, it produced water and iodine ; and with the iodides of the metals which form 
feeble basic oxides, iodic acid producer the metal oxide and iodine : Zn(I03)2 

According to C. F. Roberts, iodine or potassium iodide and 
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^^*00^ a(44 fojfm io4me cil6r?de": HlOg ' 

-h2Kr-f5IlCl=3H204-'2KCl+3ICii ; and; H108-H2l2+5HC1=6IC1+3H20. The 
iodine chloride can be decomposed by alkali hydroxide : 6KOH+5IC'1=6K01 
4-KI03+3H204-2I8. 0. Burchard'’^ investigated the kinetics of the reaction 
between iodic and hydriodic acids, and found the speed to bo greater than witi\ 
bromic and hydriodic acids, and this in turn greater than with chloric and hydri- 
odio acid. The reaction is accelerated by the hydrobromic, hydrochloric, nitric, 
and sulphuric acids, and to a much greater extent by hydriodic and iodic acids. 

Dushmanss found the speed of the reaction between iodic and hydriodic acids to 
be proportional to the concentration of the iodic acid, to the second power of tlie 
' ^cid, .and tO the 1‘8 to l‘9th power of the hydriodic acid. The speed is increased 
per 10° rise of temp. If dil. hydrochloric or sulphuric acid is added to a 
.'•'aUxed sbm. of potassium iodide and iodatc, the reaction: KIOsH-SKI+OHCl 
:^^j 8+6KC1+3H20. iisi completed, provided the amount of hydroclilorio acid 
required ia present ; in fact, the quantity of iodine liberated ia directly 
jprqportion^^ to the amount of acid which is present. In consequence, H. Ditz and 
B. M. Margosches proposed to determine iodometrically the amount of free acid by 
this reaction, titrating the liberated iodine with standard sodiiuri thiosulphate soln. 
The reaction is not complete with acetic, tartaric, and other organic acids, though 
it is with oxalic acid. The process is therefore not suited for organic acids. The 
reduction of the iodate, says S. Bugarsky, does not take place so readily if the 
potassium iodide be replaced by the bromide, nor again if the bromide be replaced 
by chloride. In the latter case, a considerable excess of free acid is needed for a 
complete reaction. Even carbon dioxide liberates some iodine when the gas is led 
into a mixed solution of iodide and iodate, but not into a mixed soln. of bromide 
or chloride and iodate. 


According to A. Stock, if a mixture of potassium iodide and iodate bo added to 
a slightly acid soln. of an aluminium salt, granular aluminium hydroxide and iodine 
are separated : Al2(S04)3+r)Kl+KI03+3H20-=2Al(()H)3+3K2S04d STg. The 

reaction is complete only when the mixture is warmed on a water-bath, and the 
iodine separated by the addition of sodium thiosulphate. This reaction also works 
with iron anrid chromium, and has been used for the determination of aluminium, 
iron, and chromium ; if the iron is in the ferrous condition it is simultaneously 
oxidized to the ferric state. The sulphates of tin, copper, nickel, cobalt, and zinc 
behave similarlv. With zinc sulphate the reaction is represented : 15ZnS04 

+20KI4 4K103>12H2() - 3Zn5(()H)8S()4+12K2S04 f 

Sulphuric acid has no action on chloric or bromic acid provided the cone, acid 
does not heat the soln. to the temp, of its decomposition. Cone, sulphuric acid 
does not attack iodic acid below 15^' ; above ISO'^, N. A. E. Millon found that iodic 
3.cid is dehydrated by sulphuric acid and converted into iodine pcntoxidc. Sul])huric 
acid dissolves about one-fifth of its weight of iodic acid at 2W, and bubbles of 
oxygen are formed by the decomposition of the iodic acid, and crystals of the [lent- 
oxide are formed ; at higher temp., the acid is decomposed. Dil. sulphuric acid 
witli a soln, of a chlorate forms chloric acid. Similar results are obtained with dil. 


sulphuric acid and a bromate ; and, according to J. L. Gay Lussac, with sulphuric acid 
and an iodate at about KK)^. Cone, sulphuric acid with a chlorate gives chlorine 
dioxide, CIO2, and perchloric acid, HCIO4 — ^the former dissolves in the sulphuric 
acid colouring it orange yellow : 3KCI034'3H2S04— 3KHS04+H01044-2C102 

— ^thc chlorine dioxide may cause an explosion, so that the experiment is to 
bo performed with care on but a granule of the chlorate. When a bromate is treated 
with cone, sulphuric acid, bromine and oxygen, neither bromine dioxide nor perbromic 
acid, are formed: KBr03+H2S04==KJiS04+Hlir03 ; and 4HBr03-2Bro 
4‘2H20. Cone, sulphuric acid gives no free iodine with the iodates if reducing 
agents be absent. If potassium iodide be also present, iodine is formed : KIU3 
4-5KI +3112804“ :3l2+3K2S04+3H20, Other reducing agents — (ug. hydrogen 
sulphide, sulphur dioxide, zinc, ferrous sulphate, etc. - in small quantities whei) 
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added to an acidified soln. of an iodate produce some iodide wluch then reacts as 
just indicated. 

According to H. Ditz and B. M. Margosches, a cone. soln. of boriC ftClu does not 
separate iodine from the mixture of iodide and iodate unless some glycerol, mannite, 
or dextrine be present j no iodine is obtained from a mixture of bromide and iodate 
even in the presence of glycerol. A. Hileman proposed to determine fluorine 
iodonietrically from the reaction : H2SiP^+5KI+KI03=^6KF+3l2-f"Si02+H20. 

Chloric, bromic, and iodic acids are not decomposed by nitric acid. Chloric 
and bromic acids oxidize nitrous acid to nitric acid ; e.g, 6HN02H“2HBr08=5HN03 
; this reaction proceeds rapidly at ordinary temp., and is the base of 
a method for the (piarititative determination of nitrites.^^ Aq. soln. of iodic acid 
oxidize nitric oxide, NO ; nitrous acid, HNO2 ; nitrogen peroxide, NO2, forming 
iodine and nitric acid. The reaction occur only in the presence of much water. 
Nitric acid of greater sp. gr. than 1*45 is not reduced while dissolving iodic acid. 
Nitric acid of sp. gr. 1 '4 dissolves potassium chlorate without coloration, and when the 
soln, is evaporated to dryness, chlorine and oxygen are evolved, and perchlorate is 
formed ; if the nitric acid contains some nitrous acid, the soln. is coloured yellow, 
and hydrochloric acid is formed. If a little sodium nitrite is added to a soln. of 
potassium chlorate acidified with nitric acid, the chlorate is reduced to chloride 
in about 10 minutes. Heated in sealed tubes with cone, nitric acid or fuming 
nitric acid potassium chlorate is quantitatively reduced. Bromates are decomposed 
by nitric acid with the evolution of oxygen, and the separation of bromine. When 
iodates arc heated with nitric acid, the iodic acid is wholly or partially liberated 
from the base. 

Phosphorous acid and phosphine are oxidized by chloric, bromic, and iodic 
acid to phosphoric acid. Iodic acid acts on phosphorus forming phosphoric acid, 
iodine, etc. A. Ditto found that iodic acid converts powdered arsenic to arsenic 
acid, II3ASO4 ; and pieces of arsenic are attacked at about 30^^, forming arsenic 
trioxide. Phosphoric acid partially dehydrates iodic acid without combination ; 
but if iodic acid be added to a hot soln. of phosphoric acid boiling at 150'", the soln. 
deposits prismatic crystals of the complex phosphatoiodic acid, P2O6 I8I2O5.4H2O. 
The potassium, sodium, anmionium, and lithium salts of this acid have alone been 
prepar'd by P. Chretien. According to R. Chenevix, chlorates are decomposed 
when healed with phosphoric acid or arsenic acid, but arsenic trioxide has no 
action on the chlorates. J. W. Slater also found that phosphorus reduces aq. soln. 
of potassiujii chlorate to the chloride, forming phosphoric and j)]iosphorou.s acids ; 
arsenic under similar conditions forms arsenate. Phosphorus pentachloride, 
PCI5, has but little action on cold potassium chlorate, but when a mol. of phosphorus 
pcntacliloride is melted with three of potassium chlorate, chlorine and chlorine 
dioxide, and potassium cliloridc and pliosphoryl chloride are formed.^^? 

Chlorates, bromates, and iodatevs are reduced to the t-orresponding halide by 
zinc dust, aluminium, or Devarda’s alloy- -coj)per, 50; aluminium, 15; zinc, 5, 
In his study. The (Lction of chloric acid on metals, W. S. Hendrixson 3® showed 
that the action may follow one or both of at least two courses : (i) The acid may 
dissolve the metal with the liberation of hydrogen in tlie same way as liydrochloric 
acid, and with veiy little oxidation : 3M4-2nOCU--=:2MOCl+l!o ; and (ii) The 
acid may act as an oxidizing agent. The actual course of the reaction depends 
upon the nature of the metal and the concentration of the acid. Ho found no metal 
dissolves in the acid without the reduction of at least a portion oE the acid. Cadmium, 
copper, iron disapf)oar in the acid without the evolution of any gas whatever. 
D. Tommasi stated tliat sodium amalgam and potassium amalgam dissolve in 
cold chloric acid without the least reduction of the acid, but W. S. Hondrixson 
found that there is a sliglit reduction of tlie acid. Mercury alone, at 40°, is scarcely 
affected by the acid after four hours’ treatment. AVhen magnesium is dissolved, 
aboiTt one>twentieth of the amount dissolved reduces the acid, and the remainder 
forms magnesium chlorate with the evolution of an eq. amount of hydrogen. 
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According to J. L. Gay Lussac and J. J. Berzelius, chloric acid dissolves zinc with 
the evolution of an eq. amount of hydrogen ; on the contrary, L. N. Vauquelin and 
M. J. Fordos and A. G^lis say that it dissolves with the reduction of the acid without 
the evolution of hydrogen ; L. Gmelin says it dissolves both with the evolution of 
hydrogen and the reduction of the acid. D. Tommasi found that the acid is completely 
reduced by an excess of zinc and sulphuric acid, and zinc is used in the presence of 
sulphuric acid as reducing agent for converting chlorates to clJorides m analy.sis. 
W. S. Hendrixson found that with normal chloric acid about 33 per cent, of the dw- 
Bolved zinc liberates hydrogen, and about 66 pet cent, of the dissolved zinc reduces the 
chloric acid to chloride ; with 2Ar-chloric acid, rather less hydrogen k evolved, and 
more of the acid is reduced to chloride. D. Tomma.si found only a trace of hydrochloric 
acid in chloric acid which has been treated with aluminium for six hours ; while 
W. S. Hendrixson found about 20 per cent, of the metal is dissolved by 2A-chloric 
acid with the liberation of hydrogen, and the remainder is reduced to chloride. 
H. SchifE and D. Tommasi stated that iron reduces chlorates ; and \V. S. Hendrixson 
found iron to dissolve readily in dil. or cone, chloric acid without the evolution of 
any gas at all, and that iron quantitatively reduces both chloric and bromic acids, 
so that if iron and sulphuric acid are added to a chlorate or bromate, the reduction 
to chloride or bromide is complete — the chloride or bromide may be determined 
by titration with silver nitrate. Tin, like iron, passes at once into soln. as stannic 
chloride, no gas is evolved, and about 99 per cent, of the tin reduces the acid to 
chloride — very little stannic oxide is formed. A. A. Brochet found that copper 
rapidly dissolves in warm chloric acid forming a blue soln. Copper becomes covered 
with a cru.st of cuprous oxide when dipping in cold normal soln. of chloric acid ; 
hence the dissolution of copper is a case of simple oxidation to cuprous oxide which 
dissolves first as cuprous chloride and chlorate, and is then oxidized to the cupric 
chloride and chlorate. This suggestion explains how in the electrolysis of soln. 
of some chlorates with a copper anode, more copper is dissolved at the anode than 
is deposited on the cathode. Similar remark apply to cadmium and nickel. 
Mercury and antimony dissolve but slowly in the cone, acid at 70° ; bismuth is 
slowly oxidized, and a portion goes into soln. Silver is dissolved by chloric, bromic, 
or iodic acid, and the acid is reduced according to the equation ; 6AgH-6HC103 
==6AgC108+AgCl+3H20. The reduction of chloric acid by the metals cannot 
in all cases be regarded as the effect of nascent hydrogen, but is rather an effect of 
the tendency of the metal, under the conditions of the experiment, to oxidize at 
the expense of the oxygen of the acid, or to go into soln. at the expense of the 
hydrogen which is set free. In the case of iron, tin, and bismuth, the preliminary 
oxidation of the metals is evidenced by the appearance of the oxides — in the case 
of iron, the oxide dissolves in the excess of acid ; with bismuth, the oxide remains 
undissolved. Arsenic, arsenious acid, and arsonites are oxidized by the chloric, 
bromic, and iodic aci^, or their salts in acid soln. : 3H8A808+HBr03=31l3As04 
4-HBr. The conversion of antimonious to antimonic or of arsenious to arsenic 
salts by a standard soln. of potassium bromate : KBr03+7HCl+3SbCl3— 3H2O 
-f-HBr+KCl+SbCls, is the basis of S. Gyory’s process for the volumetric determina- 
tion of antimony 3® — ^the destruction of the tint of methyl orange by the excess of 
bromate is utilized for indicating the end of the titration. 

The alkali metals and magnesium are attacked in the cold by cone. soln. of 
iodic acid ; aluminiu m is attacked more slowly ; zinc and cadmium are slightly 
attacked in the cold, rapidly at 100°, disengaging hydrogen and forming iodatc-s ; 
iron dissolves easily in the cold ; bismuth is slowly converted by heating into the 
iodate ; copper forms a deposit of cuprous iodate ; mercury forms a mixture of iodide 
and iodate ; silver slowly forms iodide and iodate ; tin, lead, palladium, gold, and 
platinum are not attacked by iodic acid. H. Davy’s statement that iodic acid 
dissolves gold and platinum was contradicted by A. Connell and by G. S. S^rullas. 
The affinity of the metals, potassium, sodium, barium, and silver, said W. Miiller- 
Erzbach, stands in the order named. According to S: Cooke, potassium chlorate 
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ia rax)idly reduced by platinum charged with occluded hydrogen ; and according 
to (). Loew and K. Asb, the chlorates and iodates are reduced by platinum black in 
the pre*seiice of glucose. In acid soln. zinc and ferrous sulphate reduce iodates with 
the separation of iodine, and neutral and alkaline soln. of iodates are reduced to 
iodides by boilhig with zinc dust. 

A method of analyzing mixtures of silver bromate or iodate with silv(‘r halides 
was based by A. Pui'gotti on the property possessed by potassium hydroxide 
or sodium hydroxide of attacking the former, and not the latter. C. A. Lobry de 
Bruyii 40 found that chlorates have no action on hydroxylamine, but inflammation 
occurs if a drop of sulphuric acid is added ; iodates are reduced by hydroxylamine. 
T). Vitali observed that liydroxylaminc and phenylhydrazine did not decompose 
chloric acitl, and bromic acid only when heated ; iodic acid is reduced in the cold by 
these reagents. Alkaline solii. of the chlorates are not reduced by hydraziUO 
sulphate, but in other soln. the oxidation proceeds: 4(N2H4.HoS04)+40=2N3H 
+(NJl4)2J^f>4 f and A, \V. Browne and I\ F. Shetterley have 
siiown that w'itliiii certain limits, tlie yield of azoimide is proportional to the con- 
centration of sulphuric acid, and inytu-sely proportional to the excess of chlorate ; 
the liigh<*>st yield with potassium chlorate w-as 22*44 per cent, of N3H and dS’TONHs ; 
with potassium bromate, 0*88 per cent, of and 9*77 per (‘ont. of NH3 ; and none 
w4th potassium iodate. According to M. Schlbtter, the reduction of alkali bromates 
by hydrazine sulphate, 2NaBr034- 3N2H4-'2Na Br+OHoO +3N2» enables the 
bromates to be determined under certain conditions from the volume, of nitrogen ; 
the reaction with hydroxylamine sulphate is 4NaBr034-12NH201f---4NaBr+t8lr20 
+6X2 H~302‘ some nitrous acid is formed at the same time. E. Rimini symbolizes 
the reaction between potassium iodate and hvdrazine snlpliale: 3N2H4.II28O4 
+2KI03--3X2+fiH20+K2S04+2no8(J4+21ir:’ followed by 10Jlf+2Klt)3+ll2SO4 
~K2S044 OH2O+6I2 ; and in alkaline soln.: 3N2H4.noR()44-2KT()3+6KOH 
r-3N2+2KI+3K2S()4 f I 2 II 2 O, 

According to G. Pcllagri^t 2jola.ssium chlorate ina(|. soln. is reduced to the chloride 
by shaking it with iron filings; and JI. Eoclcs noted that it is readily reduced by 
boiling it with a COpper-zinc couple— potassium perchlorate is not reduced under 
similar conditions. Hence, the amount of the one salt can be readily determined 
wdien in the presence of the otlnu'. On the other hand, d. G. Williams found the 
perchlorates arc reduced by titanium trichloride^wdiile the chlorates are not allected. 
Here again an analytical process is available. 

W\ Oeclisli "*2 tried to oxidize chlorates by ozone, but obtained no definite results, 
altliough T. Fairley claims to have oxidized hypochlorous acid to perchloric achl 
by ozone. 0. W. Bennett and E. L, Mack also established the fact that while the 
oxidation process is not efficient, it is distinctl}' in evidence and is lavouri'd by the 
presence of silver oxide, ami it also i.s carried on by oxygen activated by ultraviolet 
light. C. F. Schbnbein reported that hydrogen peroxide dot's not act on a(|. soln. 
of potassium chlorate or perchlorate ; and 8. M. Tanatar slated that hydrogi'n 
peroxide has no effect on acid or neutral soln. of the chlorates, while the bromates 
are quickly reduced to bromides, but, according to P. Jannasch and A. Jalin, 
hydrogen peroxide partially reduces alkaline soln. of the chlorates, and completely 
reduces the chlorates in dil, nitric acid soln. C. AV. Bennett and E. L. Mack obtainetl 
no oxidation of hydrogen peroxidt*, in alkaline or neutral soln., but in acid soln. 
hydrogen peroxide transforms chlorates largely into chlorides, chlorine and chlorine 
dioxide an* set free during the n*action. It Is supj)osed that the chloric acid is 
reduced to hydrochloric acid in the primary reaction, and this is followed by a 
secondary reaction: 2HCIO3 f2HCl*^2H2t)'h20102+Clo. It is assumed that 
in a dil. soln. of chloric acid, a little chlorine is formed by spontaneous decomposi- 
tion ; this reacts wit h the hydrogen peroxide, forming hydrochloric acid, which then 
attacks the remaining chloric acid, forming hydrochloric acid, chlorine, chlorine 
dioxide, and oxygen. The reaction is thus auto-catalytic, in that a small amount 
of hydrochloric acid is sufficient to start the reduction. The format ioji of cbloridos 
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iDL a solii. of oLloric acid and hydrogen peroxide is appreciable at temp, above 80'', 
in agreement with J. Sand’s observation that the velocity of the reaction between 
hydrochloric and chloric acids is appreciable only at temp, above 70‘'^ With 
hydrogen peroxide soln. containing less than 0‘6 per cent, of iodic acid are slowly 
decomposed with the separation of iodine: 2HI03+5H202=l2+6H20+5l2, with 
more cone. soln. the separated iodine reacts with tJie hydrogen peroxide : 

==:2HI03-f 4:H20, so rapidly that the soln. remains colourless. 

Chloric acid is oxidized to perchloric acid by persolpliates in acid solution, and 
particularly in the presence of traces of silver salts us catalytic agents. Acid 
solutions of permanganates do not oxidize chlorates to perchlorates. A. Purgotti 
based a method for the analysis of a mixture of silver brornate or iodatc with sil v er 
halides, on the property possessed by potassium or sodium hydroxide of attacking 
the former, and not the latter. A. Lougi and L. Bonavia find that sodium peroxide 
has no action on iodates or iodides, but it reacts on iodine in dil. soln., forming 
iodides, and in cone, soln., forming oxyiodides. ’riie difl’erent varieties of carbon 
are converted by iodic acid into carbon dioxide ; tlio diamond, however, resists the 
acid at 250^ ; wood charcoal is attacked at ; sugar charcoal, at 175° ; coke 
and coal, at 180°; anthracite, at 210°; graphite at 240°; amorphous boron is 
oxidized at 15° ; crysialline silicon at 250°. Carbon monoxide is oxidized to tKe 
dioxide by iodic acid. When carbon disulphide is lieated in a sealed tube with 
iodic acid, it forms iodine and hydriodic acid ; and aq. iodates under similar condi- 
tions are reduced to iodides. 

Iodic acid is distinguished from cliloric and bromic acids in the facility with which 
it forms acid salts. In addition to ‘salts of the type MIO3, S6ruJlas (1830) 

prepared salts of the type MIII2O0, and (). W. Blomstrand (1889) salts of the 
type MH2l30g. The conductivity and the lowering of the f.p. of soln. of iodic acid, 
bromic and chloric acids point to the formuhe HIO^, HBrOa and HCIO3 respectively. 
This is confirmed by the beJmviour of soln. of the corresponding chlorates and 
iodates. 

Uses. — Potassium and barium chlorates are used in the manufacture of fire- 
works, of safety matches, ex]ilosivcs, etc. Potassium chlorate is used medicinally— - 
especially for gargling the tliroat in cases of inllamniation. Large quantities are 
poisonous, as is also the case witJi other potassium salts. The same salt, or the 
cheaper sodium chlorate, is used as an oxidizing agent and for preparing oxygen 
in the laboratory. The alkali chlorates are used us an oxidizing agent in the dye 
industry, and in calico printing. The bromatos are also used as oxidizing agents. 
The so-called bromine salt, once recommended as a vsourcc of bromine in a process 
for the extraction of gold, was a mixture of sodium bromide and brornate. l^otas- 
siimi iodatc is used in analysis, and the iodates and broniates are used in certain 
medicinal preparations. 

The detection and determination of the chlorates, bromates, and iodates.— 

Silver nitrate gives no precipitate when added to a soln. of a chlorate, but if sul- 
j)hurous acid be added to the mixture, the chlorate is reduced to a chloride, and a 
precipitate of silver chloride is formed : AgC103+3H2S03=3H2S04“{-AgCl. Cohl 
soln. of brornate form a sparingly soluble white precipitate of silver brornate which 
dissolves in hot water and ammonia, but is neither dissolved nor decomposed by 
dil. nitric acid. A similar precipitate of silver iodate is formed in soln. of the 
iodates. Mercurous nitrate gives no precipitate with the chlorates ; a white precipi- 
tate with bromates ; and a pale-yellow precipitate with iodates. Mercurous 
brornate and iodate are insoluble in dil. nitric acid. Hydrochloric acid converts 
mercurous brornate into a mixture of mercuric chloride and bromide. Mercuric 
chloride gives a precipitate of mercuric iodate mth iodates, but no precipitate 
with bromates or chlorates. Cop'per sulphate in sulpliuric acid soln. gives a precipi- 
tate of cuprous iodide with iodates, but no precipitate with chlorates or bromates. 
Barium chloride or lead nitrate gives a white precipitate of barium iodate or lead 
iodate, as the case might be, with the iodates, but not with bromates or clilorates. 
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•A soln. of potassium pevmangaifiaic iB not decolorized by chlorates, but it is by the 
lower oxychlorine coiiipoiinds, Diphenylamwc sulphate colours chlorates, 
bromates, iodatos, hypoclilorilca, or nitrates an intense blue; hrumwi colours a 
sulphuric acid soln, of chlorates or nitrates orangc-red ; according to E. Liick the 
colour disappears on adding stannous chloride. According to &. Denig^s, a soln, 
of resorcein (2 grins, in lijU c.e. of water) gives a green coloration with chlorates, 
but not with bromates. According to R. Bottgcr, chloric or bromic acid is 
coloured blue when added to a drop of pure aniline previously mixed with 1 c.c. of 
sulphuric acid- nitrates and iodales give a browmish-rcd coloration under similar 
conditions. 

Fiffcoen drops of a uiixture of equal volumes of aniline and o-toluidine give a dark 
brown coloration with one drop of a 5 per coni, solution of jiotasHiuni nitrate ; and an 
intense blood-rod coloration with one dro}> of a one per cent. soln. of potassium chlorate ; 
a blood-red coloration with a 0*J per cent. soln. of the chlorate; and, on standing 15 
minutes, a jiale brown coloraiion with one drop of a 0*01 per cent. soln. of the chlorate. 

Chlorates are reduced to a lower state of oxidation by suiphurous acid, and the 
soln, then decolorizes indigo ; while chloric acid does not decolorize this reagent, 
bromic a(*id docs. Ferrous salts in the presence of dil. sulphuric acid quickly 
reduce chlorates, but not perchlorates, to chloride : KClOa+SIIoSO^-fGFeSO^ 
=3Fe2(S04)3+3Hii04'KCl. 

Chlorates can be determined (1) hy reducing the aq. soln. with a Zn-Cu couple : 
Ivd03+3H2— KCl-f 3HoO. Zinc hydroxide formed simultaneously contains some 
zinc oxychloride, lleiico the residue, after filtration and washing, is digested 
with dil. nitric acid ; the zinc precipitated by shaking the soln. with an excess of 
calcium carbonate ; and the clear soln. iiltered off. The mixed filtrates contain 
the chlorine of the chlorate in tlie form of chloride, and this can be determined in 
the usual way. (2) Digest the soln. of chlorate with a knowm amount of stannous 
chloride in dil. hydrocldoric acid : 3SiiCl2+KCl()3+GHCl==::3SnC%+IvCl+3H20. 
The excess of stannous chloride unacted upon by the chlorate can be determined by 
titration with a standard soln. of potassium permanganate. (3) Sodium hydroxide 
is added to a soln. of ferrous sulphate ; the alkali i hlorale is added ami all is boiled 
for a few minutes. The precipitate is dissolvt‘d in lU’l and titrated with a standard 
soln. of potassium bichromate to find the amount of ferrous salt. The precijiitated 
ferrous hydroxide is oxidized by tlie chlorate*. 

The constitution ol chloric, bromic, and iodic acids.— The constitution of 
chloric acid is by no means clear. Some follow A. Kekule and W. Odlmg,^’^ and base 
the graphic formula) on bivalent oxygen and univalent clilorine. Chloric acid is 
tljon rejiresented : HO — 0 — 0 — Cl. It is bnown that carbon comjiounds with chains 
of oxygen atoms are usually le.ss .stable the longer tlie rjiain of oxygen. Here, the 
contrary is the case, HOCl is least stable, and llOOOOtd is the most stable Of the 
oxy-chlorine acids* C. ^V. Blomstrand therefore supposed that (ho chain formula) 
are improbable ; the constitution of the oxy halogen acids can be most satisfactorily 
explained by assuming that tlie halogen atom is mult ivalent, and reaches its maxi- 
mum sepfavalency in periodh; acid, Acconlingly, chlorine monoxide is constituted 
like, nitrogen monoxide, viz. Cl-- ; chlorinf* dioxide, ClOg or CI2O4, like 

nitrogen oxide, namely ©2^01 — and chloric acid like nitric acid, 
namely — 

H0-CI«J5 H()-C1<^ 

where chlorine is respectively represented as qniu((ue- and ter-valent. There, 
IS evidence of an isomorphism between chlorates and nitrates. W. Spring assumed 
that the chlorine atoms in all the chlorine acids have the same function and proper- 
ties, and accordingly the sanae valency. He therefore objects to C. W. Blonistrand’s 
suggestion. D. Vorliinder, however, rejects A. Kekule’s chain formula, and prefers 
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C. W. Blomstrand’s. H. Stanley argues that the decomposition products of chloric 
acid favour the formula : 


H-C1<^>0 


and says the increasing stability of the oxy-acids is probably connected with the 
quadrivalcncy of oxygen. The decomposition of chloric acid into perchloric acid 
and chlorine dioxide is then represented 

3H-C1<JJV0 [ H./) 

CJiloric arid. Perrhlorlr acid. (-hlorine dioxide. 

Perchloric acid and its salts are more stable tlian the chlorates, and yield no chlorine 
dioxide when lieat(»xl ; they at once evolve oxygen and leave a chloride when 
heated. 

According to H. W. Foote and L. H. Levy, soln. of the alkali chlorates in other 
molten salts gave f.p. indicating that the mol. wt. under those conditions are normal. 
A. Rosenheim and 0. Liebknccht found the mol. wt. of acid by the f.p. method 
depend on the concentration, and that the acid in dil. soln. is a monobasic acid, and in 
cone. soln. the acid is polymerized and exists as a dibasic acid, H2I2O6. E. Gro- 
Bchull and P. Walden also showed that the electrical conductivity of iodic acid 
soln. corresponds with a monobasic acid, as is also the case with chloric and ])romio 
acids. The monobasic acid, therefore, can be represented by A. Kekule's type of 
formula with iodine univalent or 0. W. Blomstrand’s type of formula, with iodine 
(juinquevalent and iodic anhydride, i.e, iodine pentoxide will be represented : 


O 

O 




'O 


In 1874 J. Tlionisen argued that, unlike chloric and bromic acids, iodic acid is dibasic 
and should be represented by the formula (HI03)2, ir2l206> because (i) chloric 

and bromic acids form very soluble normal salts, never acid salts, while iodic 
acid forms many sparingly soluble salts, and with the alkalies it forms a series of 
acid salts, and the anhydride I2O5 is easily formed by wanning the acid (illOalo. 
(ii) Iodic acid forms rhombic crystals isomorphous with dibasic succinic acid, 
C2H4 ((!OOH)o, and itaconic acid, CH2 : C(GJl2C00H)C00H. (iii) While the heat 
of formation of the halide acids decreases as the at. wt. of the halogen increases, 
and the same rule applies to chloric and bromic acid, but with iodic acid, tlie result 
is quite different, for its heat of formation, instead of being smaller, is twice as great 
as that of chloric acid, (iv) If the formula of iodic acid be doubled, and the acid 
constituted : f.I06H2, ptTiodic acid with the formula JT5IO0 may be regarded as 
iodic acid with three hydrogen atoms substituted in place of one iodine atom in 
iodic acid, so as to give lLj.lO(iH2. In 1889, (J. W. Blomstrand argued tliat iodine 
in iodic acid is quin que valent, with an oxygen atom and a hydroxyl radicle bound 
to an 10 radicle ; and he adapted this hypothesis to the acid and more complex 
iodates ; for example, he represented potassium di-iodate, KIO3.HIO3, potassium 
tri-iodate, KIO3.2TIIO3, and potassium inolybdamoiodate, KIO3.M0O3, and 
0. Fricdheim represented potassium sulphatoiodatc by the following formuhe : 


O' 

T*<)tasshiin di-iudjvle. 




KO 

rotaj^siuni tri’iodute. 


KO. 

O- 


l<g>Mo^ 


KO. 

O' 


«n 

1 '^O'^^^'^OH 


I’otHSsiuni inolybdaino- 
iodate. 


rulassiiim sulxdinto- 
lodafe. 


A. Rosenheim and O. Liebknecht use a similar hypothesis for the sim2)Ie and 
complex iodates. 


locUo can bo regarded as iodine pentoxide, I2OJ, in which only one oxygen atom 
is replaeed by eq. hydroxyl groups to form I204(0H)2, or HalgO®, or 2 HiOa. Acids formed 
from anhydrides in this way aro regarded as meta-acids, so that ordinary iodic acid can 
VOL. II. y 



322 


INORGANIC AND THEORETICAL CHEMISTRY 


also be called meta<lodie sold, and the aalts raeW^atca ; the acid fomiM bv replacing 
a second oxygen atom by hydroxyl groups ia ^ 

iodic acid ; the next acid of the series, 1,0, (OH), or Jl.lO,, w nJOSO^oWc Mid ; the next. 
I,0(OH)g or H, 1,0 10, is di-ortho-iodlc acid ; and the last of the senes, l,(OH),. or Hjol.O,,, 
or 2H.10t, is ortho*iodic acid. 


Referbncbs. 

‘ G. S. Serullas. dns. Chhn. I'hys., (3). 45. 204, 270, 1830; W. a Hendrixson, Jown. 

GAem. iSoc.. 28. 747, loot. 

* J. Schabus, Bestimmuiu/ (Ur KryAUtllgf{tlulte.n in chemmhen Lahoralortum erzemjhr 

Produckte, Wien, 1835; J. O. O. de Miuianac, Ann. (5), 9. 32, 1866; (5), 12. 66, 1857 ; 

0. F. Rainmelsberg. Pogg. Ann., 90. 12, 1853; Handhnch dcr kryslailographisch-phyiikaliachen. 
Chemie, Leipzig, 1. 41, 1882 ; J. (Jrulilich and V. von 1 Ang. Sitd/cr. Akad. Wien, 82. 43. 67, 1858 ; 
H. CVoft, Chem. News, 25. 87, 1872 : E. Gro.schulT, Zeit. amrg. CAetn., 47. 331, 1906. 

» H. K&mmcrcr, Pogg. Ann., 138. 390, 1869 ; R. Reyher, Zeit. phys. CUm.. 2. 744, 1888; 
E. Ruppin, ib., 14. 467, 1894. 

* A. Ditto, Ann. Chim. Phy.i., (4), 21. 5, 1876; Cumpl. Pend., 70. 621, 1870 ;,,H,' ,Kj«in^^^^ 
P(fgg. Ann., 138. 390, 1869 ; J. Th<mmen, Per., 7. 71, 1874 ; K. Gro^huff, Zett dnoig. CTtcte., 47.’ 
331, 1905. 

‘ A. Ditto, A««. C'Aim. Phy.s., (4). 21. 52, 1870 ; If. J.escoeur, Compt. Pend., 103. 12W, 1886 ; 
E. Groschnfl, Zeit. anorg. Chem., 47. 331, 1905 ; .\. Ro.senheim and O. Liebkneoht, Liebig's Ann., 
308. 40, 1899; H. Landolt, Bcr., 19. 1361, 1886; E. M. Rnoiilt, Zeit. phys. Chem., 2. 488, 1888. 

* N. A. E. MUlon, Ann. Chim. I’hys., (3), 9. 400, 1843; H. Loscoeur, ib., (6), 19. 36, 1890; 
Ball. 8oc. Chim., (3), 1. 563, 1889 ; (!. E. Raininel.sbcrir, Pogg. Ann., 62. 416, 1844 ; H. K&nimcror, 
ib., 138. .390, 1869; Journ. prnkt. Chem., (1), 83. 81, 1861 ; A. Ditto, Compt. Betid., 70. 621, 
1870; E. Groschuff, Zeit. anorg. Chem., 47. 331, 1905; G. P. Itaxter and G. S. Tilley, Journ. 
Amer, Chem. Soc., 31. 201, 1909. 

’ M. Berthelot, Compt. Bend., 84. 7.34, 1408, 1877 ; yl)i.)i, Chim. Phys., (6), 13. 25, 1878. 

* P. Chretien, Compt. Rend., 123. 178, 1896; Ann. ('him. Phys., (7), 15. 358, 1898. 

* J. Thomsen. Pogg. Ann., 88. 35.7, 18.53; 151. 194, 1874; Journ. prakt. Chem., (2), 18. 1, 
1878; (2), 11. 133, 1875; Thermochemische VnUrsuehiingen, Ixiipzig, 2. 137, 164, 401, 1882; 
Compt. Rend., 84. 074, 1877 ; Ann. Chim. Phys., (5), 10. 377, 1877 ; T. W. Ricliards, Zeit. phys. 
Chem., 84. 585, 1913 ; P. A. Eavre, Journ. Phurm. (Jhim., 2i. 316, 1853; A. R. Olson, Jmirn. 
Amer. Chem. 8oc., 42. 896, 1920. 

“ A. Connell, New Edin. Phil. Journ., 10. 93, 337, 1831 ; 11. 12, 1831 ; 18. 284, 1832; 
G. Magnus. Pogg. Ann., 102. 1, 1857 ; H. Buff, Liebig's Ann., 110. 257, 1869. 

W. Ostwald, Journ. prakt. Chem., (2), 29. 385, 1884 , (2), 32. 300, 1886 ; i5e»«. phys. Chem., 

1. 74, 97, 1887 ; W. Nernst, ib., 2. 948, 1888 ; V. Itolbinund and K. Drueker, ib., 46. 849, 1903 ; 
E. Groschuff', Zeit. anorg. Chem.. 47. 331. 1905 ; V. Kohlrauseh, ll'icd. Ann.. 50. 386, 1893 ; 66. 
786, 1898 : O. N. IsjwisandM. Rand.all, Journ. Amer. Chem. Soc., 36. 2259, 1914 ; 38.2248, 1910. 

*» E. Groschuff, Zeit. anorg. Chem., 47. 331. 1905 ; G. S. S6nilla.s, Ann. Chim. Phys., (2). 43. 
113, 1830 ; (2), 45. 69, 1830 ; N. A. E. Millon, ib., (3), 9. 400, 1843; H. Kammerer, Pogg. Ann., 
138. 290, 1869. 

“ A. Potilitzin, Ber., 18. 769, 1887 ; Jonni. Ras.nan Phys. Chem. Soc., 22. 461, 1889; 
D. K. Dobroserdoff, ib., 36. 468, 1901: W. H. Sod. iui, Pror! Chem. Soc.., 16. 88, 209, 1900; 
M. Berthelot, Ann. Chim. Phys., (5), 13. 27, 1878 ; Thomsen, Journ. prakt. Chem., (2), 11. 137, 
242, 1875. ^ 

C. Lowig, Pogg. Ann., 14. 485, 1828 ; A. Potilitzin, Her., 20. 769, 1887 ; Journ. Russian 
Phys. Chem. Soc., 27. 271, 1895 ; 22. 4.54. 1891 ; I). K. Dobro.serdolT, ib., 89. 133, 1907 ; E. H. Cook, 
Journ. Chem. Soc., 65. 802, 1894 ; M. Berthelot. Gooipt. Rend., 84. 679, 1877 ; J. S. Stas, AUm. 
Acad. Belgique. \\6, imb. 

1 * “ 

1877 j 

0 . 

65. 

6. 451. 1857. 

, 0 . 40 * Lussac, Ann. Chim. Phys., (2), 8, 408, 1818 ; N. A. E. Millon, ih., (3), 7. 298. 

IWthelot, Compt Pend.y 127. 795. 1898* 
W. ll. Ross, Journ. Amer. Chem. Soc., 28. 786, 1007. 



.. ™ ^’**”*' ■^*2'*'’ 52. 1870 ; E. Pollacci, (laze. Chim. Ital., 8. 474, 1873. 

J. W. Slater, Journ. ^akt Chem.^ (1), 60. 247, 1853. 

« S' J!® Kubiersohky, Chem. Ztg., 15. 351. 1891 ; A. Schwickor, ib., 16. 846, 1891. 

*» W R. Hodgkmson and J. Young, Chem. Ncwr, 66. 199, 1892 

*» H. Landolt, R^., 19. 1317, 1886 ; 20. 745, 1887; Sitzber. Akad. Berlin, 249, 1886; 193, 
1886 ; 21. 1887 ; L. BMCzoUer. /m«rw Zeit. Biol.,2. 444, 1910 ; J. Eggert,««7. KUktrochem., 28, 
8, 1917 ; A SkraUal, tb., 21. 461, 1916. 



THE OXIDES AND OXYACIDS OF CHLORINE, BTC. 


323 


** O. Liobreich, Sitzher, Akad- Berlin, 969, 1880 ; Zeit phys. Chem., 1. 194, 1887 ; 6, 629, 
1890 ; Bhil. Mag., (6), 29. 210, 1890 ; J. W. Gibb«, Trane. Connecticut Acad., 8. 108, 343, 1870-^8 ; 
Scientific Papers^ London, 1900 ; J, J. Thomson, Phih Mag., (0), 27. 779, 1914 ; Applications of 
Dynamics to Physics and Chemistry, London, 200, 230, 1888 ; (>. Watson, Chem. News, 58. 297, 
1888; 61. 207, 1890; H. N. Warren, ib., 59. 221, 1889; K. Garten meister, Liebig\s Ann., 246. 
230, 1888 ; L. BerezoUer, KolLZeit., 23. 31, 1918 ; S. A. Shorter, Journ. Soc. Dyers Colorists, ZA. 
136, 1918. 

*• H. Kammorer, Pogg. Ann., 138. 399, 1869 ; L. Henry, Ber., 3. 893, 1870 ; J. L. Ga'^• Lussac, 
Ann. CMm. Phys., (2), 8. 408, 1818 ; L. N. Vauqnelin, ib., (1), 96. 91, 1816 ; A. J. Jlalard, ib., 
(2), 82. 337, 1826. 

F. Wohler, Pogg. Ann,, 8. 95, 1826 ; P. Schutzenberger, Zeit. Chem., 16. 1, 1862 ; 
J. J. Berzelius, Lehrbuch der Chemie, JJrcsden, 1. 261, 1833 ; N. A. E. Millon, Journ. Pharrn., 27. 
102, 1841 ; A. Fotilitzin, Ber., 20. 772, 1887 ; M. Sehlotter, Zeit. anorg, Chem., 46. 270, 1905; 
T. E. Thorpe and G. H. Perry, Journ. Chem. ^ioc., 61. 925, 1892. 

H. Schulze, Journ, prakt. Chem., (2), 21. 407, 1880 ; G. S. S6rullas, Ann. Chim. Phys., (2), 
46. 281, 1830. 

L. von Pebal, Idebig's Ann,, ill. I, 1875 ; G. Sohacherl, ib., 182. 193, 1876 ; R, Bottger, 
t iVfiTv aSl, 1846; R, Bunsen, ib., 86. 265, 1853; R. Wagner, Wagner^s Jahresb,, 182, 1864; 
‘ 01 IVihkler, DingUr^s Journ., 198. 143, 1870 ; H. Ditz and H. Knopfelmacher, Zeit. angew, CMm., 
12, 1197, 1217, 1899 ; H. Ditz and B. M. Margosohc.s, ib., 14. 1082. 1901 ; 16. 317, 1903 ; A. Kolb 
and B. Davidson, ib., 17. 1883, 1904 ; E. Davklson, ib., 18. 1047, 1905 ; A. Kolb, \h., 18. 1093, 
1905; H. Ditz, ib., 18. 1516, 1905; 19. 66, 1006; Chem. Ztg., 25. 727, 1901 ; R. Luther, ih., 
31. 630, 1907. 

O. Burchard, Ueber die Oxydation des Jodwasserstoffes durch die Sauerstoffmiiren der 
Sahhildcr, Hamburg, 1888 ; Zeit, phys. Chem., 2. 796, 1888 ; J. Sand, ih., 50. 465, 1905 ; R. Luther 
and F, H. MoDougall, ib., 55. 477, 1906 ; W. Bray, ib., 54. 569, 1006 ; Zeit. anorg. (-hem., 48. 
217, 1906 ; Journ. Phys. Chem., 7. 02, 1903 ; J. M. Bell, ih., 7. 51, 1903 ; J. McOrae, Proc. Chem. 
Soc., 19. 226, 1903 ; W. K, Peiidlcbury and M. Seward, Proc. Boy. Soc., 45. 124, 1888 ; 
W, H. Pendloburv, Nature, 41. 104, 1891 ; H. Schlundt and K. B. Wanlei, Amer. CMm. Journ., 
17. 764, 1896. 

W. Ostwahl, Ze.it. phys. Chem., 2. 127, 1888 ; W. Meyerhoffer, ib., 2. 585, 1888 ; N. Schilow, 
ih., 27. 513, 1898 ; J. Brodo, ib., 37. 257, 1901 ; O. Burchard, ib., 2. 796, 1888 ; L. Meyer, ib., 
2. 830, 1888 ; A. A. Noyes and W. 0, Scott, ih., 18. 122, 1895 ; A. A. Noyes, ih., 19. 699, 1896 ; 
J. Sand, ib., 50. 465, 1905 ; W. Judson and J. W. Walker, Journ. Chem. Soc., 73. 410, 1898; 

G. Magnanini, Oazz. Chim. Hal., 20. 377, 1890 ; 21. i, 470, 1891 ; R. Luther and G. V. Sammet, 
Zeit. ElektrocMnu, 11. 293, 1906 ; R. H. Clark, Jowrn. Phys. Chem., 10. 679, 1907. 

H. Kammorer, Pogg. Ann., 138. 390, 1871 ; C. F. Roberts, Amer. Journ. Science, (3), 48. 
151, 1896 ; E. Souboiran, Journ. Pharrn. Chim., 13, 421, 1828 ; J. L. Gay Liissac, Ann. Chim. 
Phys., (1), 91. 6, 1814. 

aa O. Burchard, Zeit. phys. CMm., 2. 796, 1888 ; W. D. Bancroft, ih., 10. 287, 1892 ; F. W. 
Kiistcr, ih., 26. 377, 1898. 

J. Walker and W, Cormack, Journ. Chem. Soc., 77. 5, 1000 ; A. Stock, Compt. Re^id., 130. 
610, 1900; A. Hileman, Amer. Journ, Science, (4), 22. 383, 1906; S. Dushman, Journ. Phys. 
CMm., 8. 453, 1904 ; H. Ditz and B. M. Margosches, Zeit. angew. Chem., 14. 1082, 1901 ; 
M. Grogor, ib., 3. 385, 1890; F, Kessel, Zeit. anorg. Chem.., 23. 60, 1900 ; S. Bagarsky, ih., 10. 
387, 1896 ; P. Jannasch and K. Aschoff, t6., 1. 144, 1892 ; L. C. Jones, ib., 20. 213, 1899 ; 21. 169, 
1899 ; M. J. Kjolildal, Zedt. anal. Chem., 22. 366, 1883 ; G. V^utmann, ih., 25. 173, 1886 ; H. Kux, 
ih., 32. 138, 1893 ; F. E. Furry, Amer. Chem. Journ., 8. 341. 1884 ; L. W. Andrews, Journ. Amer 
CMm. Soc., 25. 756, 1903 ; A. Stock, Compt. Rend., 130. 175, 1900 ; Ber., 33. 548, 1900 ; A. Stock 
and C. Massaciu, ib., 34. 467, 1901 ; S. E. Moixly, Amer. Journ. Science, (4), 20. 181, 1905 ; (4), 
22. 176, 1<K)6 ; (4), 25. 76, 1908. 

W. Fcit and K. Kubierschky, Chein. Ztg., 15. 35J, 1891 ; A. Schwicker, ib., 15. 845, 1891 ; 

H. Kiimmerer and N. A. E. Millon, Ann. Chim. Phys., (3), 12. 331, 1844 ; H. G, de Claubry, ib., 
(2), 48. 221, 1831 ; C. F. Roberts, Amer. Journ. Science, (b), 48, 151, 1894. 

F. Penny, Liebig's Ann., 37. 205, 184 J ; J. F. Toussiant, ib., 137. 114, 1886 ; P. Jannasch 
and A. Jahn, Ber., 38. 1576, 1905 ; M. Scholtz, Arch. Pharrn., 243. 353, 1905. 

P. ChrcHien, Ann. Chim. Phys., (7), 15. 358, 1898 ; A. Ditte, ib., (4), 21. 52, 1870 ; 
R. Chenevix, Nicholson's Journ., 2. 171, 229, 1802 ; J. W. Slater, Journ. prakt. CMm., (3), 60. 
247, 1863. 

*' H. Schiff, Liebig's Ann., 106. 116, 1858 ; A. Baudrimont, Compt. Rend., 51, 823, 1860. 

W. S. Hendrixson, Amer. Chem. Journ., 32. 242, 1904 ; Journ. Amer. Chem. Soc., 25. 
037 1903; 26. 747, 1904; D. Tommasi, Ber., 11. 345, 1878; H. Schiff, ib., 8. 1356, 1875; 

L. J. Berzelius, Pogg. A7in., 12. 113, 1828 ; A. A. Brochot, Bull. Soc. Chim., (3), 31. 287, 1904; 
J. N. Vauqiielin, Ann. Chim. Phys., (1), 95. 91, 1815 ; J L. Gay Lussac, ih., (1), 91, 96, 1814 ; 

M. J. Fordos and A. G61is, Journ, Pharrn., 4. 346, 1843. 

F. A. Gooch and J. C. Blake, Amer, Journ. Science, (4), 14. 285, 1902 ; W. S. Hendrixson, 
Journ, Amer. Chem., Soc., 25. 637, 1903 ; 8. Gy6ry, Zeit. anal. Chem., 32. 415, 1893 ; W- Muller- 
Erzbach, Ahhand, Nat. Ver, Bremen, 81, 1884 ; S. Cooke, Chcin. News, 58. 463, 1888 ; O. Loew 
andK. Ae5, Bull. Coll. Agric, Tokyo, 7. 1, 1906; A. Connell, New Edin. Phil. Journ., 10. 93, 337. 
1831 ; 11. 12, 1831 ; 13, 284, 1834; G. S, Si^rullas, Ann. Chim. Phys., (3) 45. 204, 20, 1830. 



324- 


INOEGANIC AND THEORETK’AL CHEMISTRY 


«» C A. L. de Bruyn, Bee. Trav. Chim. Payi^-Hns. 11. 18. 1892 ; D. Vitali, IMl. C him. Farm., 



11 , 3^20, 1 ^ ^ ^ ^ P:ccK-s, Jcmr/i. Ohem. Sue., 29. 8.59, 1879 ; J. (J. Williams, 

Chetn. iVew’Sf, 119. S, 1910. . t,T 

W. Oechsli, Zeit. EliHrochem.. 9. 821, 1003 ; T. Fairley, J. Hip.y r>S, 1874; C-. W, BtairitU 
and E. L. Mack, Trat^s, Amer, Elecimhem. Soc., 29. 323, lOlO. 

(J. F. ychonbein, Journ, prakt, Chem., (1), 84. 300, 1801 ; S. M. Taiuitar, Bar., 32. 1013, 
1809 ; P. Jarinasch and A. Jahn, t6., 38. 1576, 1905. 

** J. Sand, Zeit. phys. Vhetn.f 50. 465, 1004 ; A. Purj^otti, Giizz. ('hint, Jtul.^ 48. ii, 63, 1918 ; 
A. l^ongi and L. Ponavia, ? 6 ., 28. i, 336, 1808; O. F. SdilagflenhantTon, Jovnt, Pharnt. (^hint,, 
(3), 34. 175, 1858; A. Ditto, Ami. (^him. Phifs., (4), 21. 52, lS70 ; (r. Lemoiuo, Vontpt. lUvd., 
144. 356, 1907. 

•»6 C. Laar, Bcr.^ 15. 2086, 1882. 

G. Denigos, Joiirn. PJuirm. (Viini,^ (6), 2. 400, 1895; R. B6ttg( r, Liehi</s Ann., 57. 138, 
1846 ; C. D. Braun, Zeit. anal. Chein.y 6. 42, 1867 ; 9. 436, 1870 ; E. Liick, V5., 8 . 406, 1860. 

A. Kekul6, Lehrhuch der orgayiischen Chemicy Stuttgart, 1850 ; W. (Idling, A Manual 
of ChemiMryy London, 1. 62, 1801 ; C. W. Bloinstiund, Die CJuniic der Jdztzdt, Heidelberg. 
169, 259, 1869; VV, Spring, Bull. Aead» Brlffique, 39. 882, 1875; 1), Vorliiivder, Ber., 34. 1632, 
1901 ; H. Stanley, them. Newa. 85. 133, 1002. 

A. Rosenheim and O. Liebknecht. A //a., 308. 40. 1800; E. Grosc.hulf, Zeit. anorg. 

Che.m., 47. 331, 1005; G. Friedheim, ih.y 2. 383, 1802; P. VVald(‘n, Zt-if. phyf^. Ghcni., 2. 40, 
1888; J. Thomsen, Ber., 7. 112, 1874; C. W. Bloinstrand, Journ. prakl. thnn.y (2), 34. 433, 
1886; (2), 40. 305, 1889; A. Werner, NeAitre Amchauungrn aiif deni (tebiele der aitorganischen 
Clurnicy Braunschweig, 64. 1905 ; 11. W. Foote and L. If. Lew, Anirr. Chem. Journ.., 37. 404, 
1907. 


§ 13. The Halogenates— Chlorates. Bromates, and lodates— o! the Metals 

Exact observations, guided by the prineiph’t, of the so-eallod pliysieal c;hemj.slry, liavo 
shown that an indclinite number of eornpoiiiuls which Jiavo }>eeu rt'porletl in ch<'niieol 
literature, aro mere mixture.^. 

The cLloralos of the different melals are obtained by the action of flic acid on 
the oxide or carbonate ; by the action of a snlpliate of tlio desired jjielal on a soln. 
of barium chlorate: Eb2S04-[ Ba((‘l().d2 -Ebt'HJa { Ibi804 ; or by the g(?iieral 
m(dhod.s previously discussed. Similar nunarks a])i)Iy to tlie bromates and iodates. 
Chlorates 1 and iodates - liave been reported in (’liili saltpetre, and ])otassium 
iodato in many other varieties of soda and potash nitre, aiid in mineral pliosphates. 
A. Miintz 3 supposes that the nitrification baeteria in oxidizing llie nitrogen also 
oxidized the iodides. Chloric and bromic acids are nionobasicj, and each forms a 
series of normal salts : MClO^.^df^O or JIBrthj./dlj^t) respectively, ^riie iodates 
are usually less soluble iii winter than the corresponding chlorates and bromates; 
and the bromates less soluble than the ehlorati'S. The reseniblanee betwium the 
axial ratios of crystals of silver iodate and nitrate has suggi^sted a possible isomor- 
phism between the nitrates and iodates. Tlic iodates are much more .stable, than 
the bromates or chlorates. In addition to the salts of vwla iodic acid, l2C4(b)H)2, 
t.e. i{(3.1()2> or HI (>3, called normal, iodali's, moiioiodatos, or uicta-iodates, 
G. S. y^rullaa^i has shown that iodic acid, ludikc! chloric or bromic acid, forms a 
series of well-defined, stable acid salts tlio di-ioiJaies : MJOg.UlOs.Jill./) ; and 
the tri-iodales : MI()3.2H103.?jJl20- and a nninbcr of complex salts. The acid 
salts crystallize from soln. of the normal iodates by the addition of iodic or other 
acids. Alkali salts of anhydro-iodic acid, H2l4Dn. J2O5.2JJIU3, have been 
prepared by H. L. AVheeler and H. ].andolt ; and a copper salt of dimeso-iodic 
acid or pyro-iodic acid, 1141207, has been reported by A. Ditto. II. Rea prepared 
chlorates of the heavy metals by the decomposition' of their sulphattis with barium 
chlorate. He found that the chlorates of zinc, mcrcurv, chromium, iron, copper, 
and uranium, and the nitrates of zinc, copper, aluminium, and iron are decomposed 
by hexamethylenetetramine; but the chlorates of nickel, cobalt, magnesimu, 



THE OXIDES AND OXYACIDS OF CHLORINE, ETC. 325 

manganese, cadinimn, and calcium, as well as the nitrates of nickel, cobalt, mag- 
nesium, manganese, and cadmium give addition complexes with that agent. R. Rea 
found that many of these complex nitrates and chlorates are isoraorphous and 
isodimorphous. 

The alkali chlorates. — Lithium chlorate forms deliquescent crystals which 
H. Bruhl^ observed in three modifications ; it also forms a hydrate, Li(J 103 .JH 20 , 
in plates with twin lamella). Sodium chlorate is but very slightly hygroscopic ; 
it usually crystallizes in the cubic system ; the crj^stals are not therefore 
isomorplious with potassium chlorate. According to H. Copaux,® sodium chlorate 
is tetramorphous, forming : (i) tlie ordinary cubic form ; (ii) unstable rhombic 
cr\ota]s isomorplious with sodium nitrate; (iii) unstable monoclinic crystals 
isomorphous wdth potassium chlorate ; and (iv) rhombic or pseudo-cubic crystals 
of low birefringence formed when the salt is crystallized in the presence of sodium 
sulphate and sodium perchlorate. The cubic crystals separate from the fused 
salt, and form aq. soln. at ordinary temp., but E. Mallard showed that rhombohedral 
crystals, very strongly doubly refracting, are obtained from strongly undcrcoolcd 
soln. The effect of various conditions and foreign substances in the soln. of sodium 
chlorate on the habit of the crystals has been studied by L. WullT, E. Jacobsen, 
C. von Hauer, If. von Foullon, and E. Penicca. The last named stained the crystals 
with sodium or ammonium triphenyltri-yMimidodiphenyltolyl carbinol di- (or 
mono-) snlphonate (extra China blu(»), and found by nItra-mi(T()sco]}ic examination 
that the dye is not present in the colloidal stale ; he also studied the effect of the dye 
on the rotatory power of the cryst als, but was unable to find a simple relation between 
the intensity of the coloration and tln^ ro- 
tatory power. The cubic crystals of sodium 
chlorate are tetartohedral, and, as shown 
by H. Marbach in 1854, they arc optically 
active, and rotate a ray of polarized light 
about 6*5 times less than quartz. E. Perucca 
found the rotatory power is not constant 
with different crystals or with the same 
crystal at different points or in different 
directions. The mean value for the D-line is +3120'' (13"), and the rotational 
dispersion, a, at 13 ’ wln^n the wave-length. A, is expressed in /x/x and a in degrees is 
a— HU83(M)A~ - 0*351 l-]-0'()000003()6A2 : T. M, Lowry's formula, a~-aj{\- — 6), is 
not applicable. Both right- and left-hundejj forms are known. L. Sohneke found the 
rotation to be 2*3S ' for the B-line ; 3*16° fin the i)-Iine ; and the angle increases as the 
refrangibility of tlie rays until, as P. A. Gnye found, it reaches 11*727'^ witli one of the 
cadmium lines. I'he opposite rotations are eipial in magnitude ))ut of opposite sign. 
The riglit- and left-handed crystals hav<‘ a mirror-image symm(*ti y. The right-handed 
crystal of sodium chlorate, Fig. 13, lias //(lOU), ;j(2ln). d(1 10) and o(lll) ; and the 
left-handed crystal, Fig. 14, has //(lOO), ;>(2lO), r/(110), and o(li]). H. Copaux 
explains the rotary polarization of tlio cubic- crystals by assuming lhat they are 
twin-aggr(‘gaies of tlie pscnnlo-oubic form. The rotatory power increases witli 
temj). about 0'000(il ])cr degree. The etching figures on crystals of sodium chlorate 
are, according to II. Baumliauer, riglit- and l(*ft-handed. F. Pockels has studied 
the effect of an electrostatic field on the optical activity of the crystals. According 
to J. Bcckenkamji's observations on the x-radiograms of sodium chlorate, 
the structure is similar to that attri]>nted to calcite wlien the cahaum atoms are 
rejilac^ed by soilium, and the carbon atoms by chlorine. 

Aq. soln. of sodium chlorate are optically inactive no matter whether the soln. 
be made from tlie right- or left-handed crystals -presumably because fora state of 
stable e.quilibritim - -dynamic isomerism- - equal (piantitica of the two isomers are 
required, ami when tlio aq. soln. of either form is allowed to recrystallize, H. Landolt ’ 
found eipial proportions of the two forms are obtained; but D. (rcrnez showed 
that if a right- or left-handed crystal be added to the undercooled soln., only one 



Fics. l.*J and 14.* — Kight- and Left-handed 
Crystals of Sodium Chlorate. 





326 INORGANIC AND THEORETICAL CHEMISTRY - 

Irmi^ of crystal, the same as that used for the inoculation, separates from the soln. ; 
F. S. Kipping andW. J. Pope noticed that the presence of a certain quantity of another 
optically active substance favours the formation of one of the two forms. Potassium 
chlorate forms clear or white, colourless, non-hygroscopic crystals belong!^ to the 
monoclinic system ® in plates or prisms (Fig. 1, Cap. XI), in which the axial ratios 
are a : 6 : c=0*8331 : 1 : 1*2673 ; and j3==l()9'^ 42'. The crystals usually resemble 
the rhombohedral crystals of calcite, and of sodium nitrate. According to 
E. Mallard, these crystals are stable up to the m.p., and according to A. Rios, down 
to very low temp. P. W. Bridgman investigated the effect of press, and temp, 
on potassium chlorate, and found that under a press, of 5080 kgrm. per sq. cm,, 
a transformation into a second modification occurs at 0*^, and the effect of 
increasing press, on the transition temp, is 

Press 5G80 OOOO 7 J 1 0 7 7 .30 kgrm. per cm. 

Transition to mi). ... 0“ 40'’ 140 ’ 200^ 

Change of vol. 0‘02510 0 02501 0 02479 0 02460 e.c. per grm. 

Latent heat .... 0 7026 0*8023 0*1050 0*1196 kgrm. ni. per grm. 

The crystals of rubidium and cflasium chlorates, according to A. Ries 
and J. W. Retgers, are isomorphous with tho.se of potassium chlorate. 
J. Herbetto • has studied the isomorphism of crystals of potassium nitrate 
and chlorate. Monoclinic crystals with 65 per cent, of chlorate and 36 per 
cent, of nitrate wore obtained, but no rhombic mixed crystals of nitrate and 
chlorate. Hence, the unstable monoclinic form of the nitrate Is isomorphous with 
the stable form of the chlorate ; hut no rhombic form of chlorate is isomorphous 
with the stable rhombic form of the nitrate. Crystals of .sodium chlorate are usually 
homogeneous, and doubly refracting portions are shown only at low temp. ; ® 
R.- Brauns induced a temporary double refraction by romjiressing the crystals. 
The index or refractions^ of sodium chlorate for the ^-linc is />t==l*51163 ; for 
the jOdine, /Lt=n=r51267 ; and for the Cddine, )Lt=l'585(X) at 23*^. The hardness 
of potassium chlorat e is less than that of rock salt . The specific gravity of sodium 
chlorate is given as 2*289 by C. H, T). Bodeker ; 2*490 at 15'’ by J. W. Retgers, 
2*996 by M. lo Blanc and P. Rohiand ; 2*488 by if. Ijandolt ; and 2*467 by 
M. Berthelot. The sp. gr. of potassium chlorate is 2*32() at 3*9^^ according to 
J. P. Joule and L. Playfair ; 2*35 at 17*5'^ (water unity) aci ording to P. Kremers. 
The extremes of five measurements by II, G. F. Scliruder are 2*246 and 2*364. 

According to H. W. Foote and L. 11. Levy, the specific heat of solid sodium 
chlorate is 0*281, and of the molten salt, 0*581 ; the latent heat of fusion is 48*6 
Cals, per gram. According to If. Kopp,i- the sp. ht. of potassium chlorate 
bet\veen 19° and 49° is 0*15631 ; and according to H. V. Begnault, 0*20956 between 
16° and 98°, and tlie mol. ht,, according to M, Berthelot, is 23*8. According to 
L. Graetz, the thermal conductivity of potas.sium chlorate at 13° is 0*001153. The 
heat of formation of polassium chlorate from it.s elements is 95*86 Cals., and of 
sodium chlorate 84*40 Cals. ; the heat of neutralization, 2K()H.j^,+Cl202aq. "^'27*52 
Cals., and of sodium chlorate, 13*76 Cals. ; the heat of the reaction : 3CI2+6KOH, 
=etc. is 97*945 Cals. ; the heat of decomposition: 4KCl().q=::3KC104+KCl+63Cals.; 
and : KCIO3--KCI+3O— 9*77 Cals., and for .sodium chlorate, 12*3 Cals. ; the heat 
of oxidation of potassium chloride in soln. is 15*37 Cals. ; the heat Of Solution of 
sodium chlorate at 10° is —5*57 Cals. ; and of potassium chlorate —10*04 Cals., 
so that the water is cooled when the alkali chlorate is dissolved ; and the solubility 
increases with a rise of temp. E. F. von Stackelberg found the heat of soln. Q of w 
mol. of potassium chlorate in 100 of water to be 10500— 1625n cals. 

According to H. Bruhl, the melting point of lithium chlorate, LiCIOa.JHgO, is 
Potilitzin gives 50° ; the molten mass readily forms an undcrcooled 
fluid. The hydrate becomes anhydrous in dry air at 90°, aiid'melts at 129°. Lithium 
chlorate begins to decompo.se at 270°, and at higher temp, the decomposition 
is more rapid. The rate of decomposition reaches a maximum with rise of temp., 
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and then gradually decreases. This is due to the formation of lithium perchlorate 
by a side reaction ; 4LiC103^Li0l+3LiCI04 accompanying the direct decomposi- 
tion/ 2LiC103t==^2LiCl-f302. A, Potilitzin also says the perchlorate decomposes 
2LiCl045=LiC10a+LiCl+02. T. Carnelley gives the m.p. of sodium chlorate as 
202° ; J. W. Retgers gives 248° ; A. Smith, 261° ; and H. W. Foote and L. H. Levy, 
266°, According to L. Poincar6, fusion commences at 265° without decomposition, 
but the latter immediately begins if a bubble of gas passes through the fused mass. 
The decomposition process resembles that of potassium chlorate, but the perchlorate 
stage is more sharply distinguished, for T. Schlosing showed that the evolution of 
oxygen completely stops when the fused chlorate has acquired the viscid stage. Potas- 
sium chlorate, says J. S. Stas,!^ can be melted in oxygen gas without loss of oxygen, 
and without decrepitation ; but E. H. Cook says that about 0*03 per cent, of oxygen 
is lost during the melting of this salt. T. Carnelley gives the m.p. of potassium 
chlorate as 372° ± 2° ; and H. le ChatcHer gives 370°. T. Carnelley gives the f .p. 
as 361°. According to J. J. Pohl, the salt begins to decompose at 362°, and the 
decomposition is quite rapid. 

Unlike soln. of the chlorides, L. Kahlenberg is found that the rise of the boiling 
point of soln. containing w grams of potassium chlorate in 100 grms. of water 
decreased with increasing concentration, being 0*05° for «e?=8*121 ; 1*31° for w 
—1 7*116 ; 2*49° for «?=35*42 ; and 3*43° for t<;=:48*92. According to P. Kremers,^® 
the sat. soln. of sodium chlorate salt boils at 132°, and by supersaturation, soln. 
boiling at 135° can be obtained. A sat. soln. of potassium chlorate boils at 105° ; 
and G. T. Gerlach found that the b.p. of a soln. of potassium chlorate with p grms. 
of the chlorate per 100 grms. of water, to be 

BoUing i3oint . . 100^’ 101^ 102'^ 103® 104® 104*4 

Concentration 7? . 0 13*2 27*8 44*6 02*2 69*2 

Solutions with two boiling points,-- It has been shown by J. H. van’t Hoff 
that the maximum vap. pres.s., p, of a sat. soln., at the absolute temp. T, can be 
represented by the relation d(log P)fdT=QI2T^, where Q 
represents the heat of condensation of a kilogram-molecule 
of the vapour— 18 kilograniwS of water- to form a sat. 
soln. The heat of condensation Q is the sum of (i) the heat, 
i], absorbed when the necessary amount of the sat. soln. is 
se2>arated into 1 8 kilograms of water and salt : and (ii) the 
latent heat of evaporation L of the water. The former 
quantity is usually negative, and accordingly Q—L'—q, As 
a rule, the value of L Is large in comparison with 7, and 
the sum is therefore always positive, and the vap. press, 
of the soln. increases with temp. With some of the very soluble salts — e,g, 
the nitrates of sodium, potassium, silver, thallium, hydrated calcium chloride, 
etc. — 7 increases until it is equal to and finally exceeds the value of L. In that 
case, the vap. press, curve will at first rise rapidly with the temp., then more slowly, 
and finally will fall with a further rise of temp. This may be established another 
way. In a closed tube, the vap. press, of a sat. soln., with a rise of temp., increases 
to a maximum and then falls. This follows from the fact that with a rise of temp., 
the vap. press, tends to increase, but the solubility of the salt also increases, 
and this tends to depress the vap. press. With the less cone, soln., the latter 
effect predominates and the pT-curve rises, ABy Fig. 15, until the sat. soln. contains 
so small a proportion of water that the two opposing tendencies become equal to 
one another, and afterwards the former effect predominates, and the pT-curve 
falls, as illustrated diagrammatically, BC, Fig. 15. If a horizontal line MN be 
drawn at one atm. j^ress., M and N represent the b.p. of sat. soln. one at a much 
higher temp, and salt concentration than the other. The one OQ is realized by 
gradually raising the teraj). of a sat. soln., and the other OR is realized by cooling 
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the sola. The spitting of silver is an illustration of the second b.p, H. B. Rooze- 
boontand A. Smits have shown that for normal atm. press., with sat. soln. of 


First b.p. 

KNO 3 

. 

NaNO, 

120® 

NaClOa 

126® 

AgNOa 

133^ 

TlNOa 

105" 

Second b.p. . 

H.p, 

. 33r 

310® 

25.'')® 

791^ 

190° 

. 334^^ 

313“ 

261® 

208" 

205" 


The solubility of lithium chlorate in water is perhaps greater than any other 
known inorganic salt ; according to Mylius and R. Funk,^^ 100 grins, of water at 
18° dissolve 313*5 grma. of lithium chlorate — the molecular proportions are InClOa 
+1*6H20 and this soln. contains 75*8 per cent, of the salt, and has a sp. gr. of 
1*815. The hemihydrate, LiC 103 .pi 20 > was obtained by A. Potilitzin by evaporation 
of theaq. soln. over sulphuric ackl ; the evidence, however, in favour of the existence 
of the hydrate is not accepted by all. According to P. Kremers, the solubility of 
sodium chlorate referred to the stable cubic form, and expressed as (a) parts of 
salt per 1(K) j)arts of water ; and (?)) per cent, of salt is 

O'" 12'* 20^ 40* 00 80" 100’ 120“ 

a . . . 81*9 89*3 99*0 123 r> 147 I 17.7 0 232 0 333*3 

6 . . . 4.7*0 47*2 49‘7 55*3 09*5 63*7 09 9 70*9 

The solubility of potaussium chlorate in water has been determined by 
G. J. Mulder, J. L. Gay Lussac, C. A. Ocrardiu, L. Tscluigaeff and W. Chlopin, 
and B. Pawlcwsky.^Q The latter found {a) the pereeiilage amount of potassium 
chlorate in the sat. soln. ; and {b) the amount of the salt dissolved by lUO parts of 
water : 

0* 10* 20*" 30* 40" 50' GO’ 80* 100* 

a . 3*00 4*27 0*70 8*46 11*75 15*18 18*97 20*97 35*83 

h . 3*14 4*45 7*22 9*20 13*31 17*95 23*42 30*33 55*54 

Above 50°, the solubility thus incrcase.s rapidly with tlie rise of temp. The 
solubility at 120° is 35*83 per cent. ; at 120°, 42*4; at 190°, 59*7 ; and at 330°, 
96*7 per cent. A. fitard represents the solubility of potassium elilorate >S, at a 
temp. 9 between 0° and 42° hy 6'*~-2*G-|-O*2OOO0 ; i)i‘(we<‘U 42° and 171° by AS=-“irO 
+0*37001?; and between 171° and 359°, by S -59 0+0*218G(/ ; and C. Blarez 
finds that the amount of potassium chlorate in 100 grins, of waf(‘r between 0° and 
30° is given by - 3*2+0*1090 "'[-0*00430- ; and N. G. Nordi^nskjold gives between 0° 
and 105° log >S- -0*5224 +0*0178.340 - -0*000055550-. W. Iteissig found tlie solubility 
of rubidium chlorate in 100 parts of water to be 2*8 at 4*7° ; 3*9 at 13° ; 4 9 at 
18*2° ; and 5*1 at 19°. F. Calzolari fouml the .solubilities of ejesium chlorate and 
perchlorate at 20° to be somewhat lcs.s than the corresponding potassium salts, but 
more than those of rubidium. The order of solubilities varies witli tenqj. lie docs 
not consider these observations agr(‘c with flic ])redictions ]>ased on the tJieory of 
electro-affinity. His values for the three chlorates expressed in grams of salt per 
100 grins, of water are : 



0 ' 

8 ' 

]9'8 

30 

12*2 

lO-OW ■ 

74!) 

99 

ivCU >3 . 

. 3 *.30 

4*48 

7*1.7 

19*27 

— - 

I8'9(i 


57 -.3 

KbClO,. . 

. 2*138 

3-07 

5 30 

8 '90 

12-48 

1.7-98 (.79 ■) 

31 -12 (76 ) 

02*8 

CSCIO 3 . 

. 2*40 

3*50 

<>•28 

9*53 

U-94 

19-40 (59 ) 

11-65 (77“) 

70*5 


The solubility of potassium chlorate is df^pressed by tlie addition of other 
potassium salts, or by the addition of oth(‘r chlorates ; F. VViiitob-r, and T. Sohlosing 
have measured the solubility of potassium chlorate in potassium chloride .soln. and of 
sodium chlorate in soln. of sodium chloride. In accord with the general rule, the 
solubility is diminished by the addition of a salt with a eomnionion. S. Arrlienius 
measured the solubility of potassium chlorate in a<(. soln. of potassium, nitrate; 
and C. Blarez in aq. soln. of potassium bromide, chloride, iodide, nitrate, sulphate, 
oxalate, and hydroxide; H. T. (Calvert, and J'. N. Breinsted in an aq soln. of the 
last-named compound. H, T. Calvert also measured the solubility of potassium 
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chlorate in hydrogen 'peroxide. Potassium chlorate dissolves in soln, of ani'tnonium 
nitrate or acetic acid more copiously than in water ; and less copiously in soln. of dil. 
hydrochloric acid, nitric acid, ammonium acetate, and aq. ammonia. The passing 
of aimnonia into an aq. soln. of potassium chlorate precipitates the salt. 
According to D. P. Konowaloff, a 5*2 per cent. soln. of ammonia dissolved 52*5 
grms. of potassium chlorate. T. W. B. Welsh and II. J. Broderson found that 
KX) c.c, of anliydrous hydrazine dissolve 66 gnus, of sodium chlorate at ordinary 
temp. 

Lithium chlorate is very soluble in alcohol ; the chlorates of the other alkalies 
having a low solubility in this menstruum. Potassium chlorate is precipitated from 
its aq. soln. by th('. addition of alcohol or acetone. The solubility of potassium 
chlorate in absolute alcobol, acetom, eilicr^ and chloroform is virtually nil, and in 
aq. alcohol or acetone, at a constant temp., the solubility increases as the 
propoition of water increases. For example, at 30"^ the number of grams of 
potassium chlorate which are dissolved in 100 grms. {a) of soln., (6) of water 
when the solvent contains p per cent, of alcohol : 

. 0 5 10 20 :10 50 70 90 

/J^oln. . 9*22 7*72 CrU 4-51 :V2I 1*04 0*54 0 00 

Water . I() i7 8*80 7 05 5*90 4*74 8 2:1 1*82 0 62 

A. Wachterand (\, C, Wittstein have shown that the solubility of sodium chlorate 
is also much smalh^r in alcohol than in water. 100 grms. of alcohol dissolve one 
gram of sodium chlorate at 25^^, iind 2*5 grms, at the b.p. ; UK) grms. of a 77 per 
cent. soln. of alcohol at 16'\ dissolve 2*94 grms. of sodium chlorate. Similarly aq. 
acetone, at 30*^*, dissolves the following amounts of potassium chlorate : 

n . . .0 5 10 20 30 50 70 90 

K/mo 7 ()3 6-09 4*03 2-90 1'24 0*18 

(Water . 10*17 9*55 9*09 8*10 7*40 5*98 4*18 1*82 

A. M. Ossendowsky found that at 15*5^^, 100 grms. o{ glycerol dissolve 3*5 grms. 
of potassium chlorate, or 20 grms. of sodium chlorate. According to W. 0. de 
Coninck, 100 grms. of a sat. soln. in glycol contain 0*9 grin, of potassium 
chlorate, ijiquid hydrogen chloride becomes yellow in contact with potassium 
chlorate without dissolving any appreciable quantity. Sodium chlorate and 
bromate dissolve easily in liquid ammonia. F. Ephraim found that the lithium 
tetrammino-Chloiate forms a fairly mobile liquid. 3. N. Bronsted obtained 2020 
cals, for the affinity of the reaction KCI H NaC 103 *^KC 103 +NaCl at 16*39®. 

Ct. T. Gerlach has calculated the specific gravities of soln. of sodium chlorate at 
19*5®, from ]\ Kremers’ data, 2- and found 

Per cent. Na(*l();, . . |0 1.5 20 2.5 ;10 35 

Sp.gr. . . , 1*070 1*108 1*147 1*190 1*23.5 1*282 

The corresponding sp. gr. of soln. of ])oiassium chlorate are 

P(*r c!ent. KClO;, . . 1 2 4 0 8 10 

Sp.gr. .. .. 1*007 1 014 1 02(> 1*039 1*052 1*066 

B. Carlson also measured the sp. gr. of aq. soln. of tin* alkali chlorates; W. Schmidt 
measured the compressibility of aq. .soln. of potassium chlorate at 17®, and found 
that soln. of sp. gr. 1*(X19, 0*193, l*o24 respectively had tl^e compressibility 
C 0 (^l?., j8, 0*0(K)04r)4, 0*0(X)0429, au<l 0*rKKJ0409. I'he freezing point is lowered 
0*215® by the addition of a gram of potassium chlorate to 100 grins, of water, 
H. Jahn24 represented the f.p. of soln. containing 7 i mol. of potassium 
per lOCK) grms. of water by 3*5690?i— 2*3067/2® ; and for sodium chlorate, 
3*5812w—l * 3040112 . The vapour pressure of a soln. of a gram of potassium 
chlorate in 100 grms. of water is lowered 0*240x7*6. G. Tammann found the vap. 
press, of a soln. of 3*92 grms. of potassium in KX) gnus, of water lowered Ihe 



830 - ^ i; INOBOANIO AND THEOBETICAL CHEMISTRY ^ ; 

vap. press, of water 7*0 mm., and 60*60 grms., 82*4 mm. ; with sodium chlorate, 
9*02 grms, lowered the vap, press. 19*7 mm., and 160*16 grms. lowered it 290 mm. 
R. Abegg and H. Rieaenfeld found the partial press, of normal soln. of potassium 
chlorate to be 14*61 mm.. 

E. Doumer^s gives the index of refraction of dil. soln. of potassium chlorate 
jLt=0*156 ; and M/a=19 0 for sodium chlorate. M. le Blanc and P. Eohland give the 
index of refraction 1*5145 and sp. gr. 2*496, making the molecular refraction 21*96 
by Gladstone and Dale’s formula, and 12*86 by Lorentz and Lorenz’s formula, 
H. A. Miers and F. Isaac measured the indices of retraction of crystallizing soln. 
of sodium chlorate. A 65*77 per cent. soln. at 63*5® had an index of refraction 
1*39126 ; and a 61*035 per cent. soln. at 43*6®, an index of refraction of 1*387083. 
When crystals of potassium chlorate arc rubbed in darkness they show a transient 
luminescence — triboluminescence. According to G. Foussereau,2® the electrical 
conductivity of crystals of potassium chlorate per cm. cube is 0*268x10“*^*^ 
reciprocal ohms at i45® ; 0*125 Xl0~^ at 362® ; and for the molten solid at 369®, 
0*238 reciprocal*^ ohms. The eq. conductivities of soln. of the chlorates at a 
dilution one mol. of the salt per v litres, at 26®, are as follows : 

V .... 2 8 32 128 512 1024 2048 

ALiClOa ... — — 01*5 968 100*4 101*5 — 

ATSTaClOa . . . 74*7 86*7 950 lOM 104*6 104*1 104*1 

AKClOg ... — 104*7 115*2 122*8 126*1 127*8 128*4 

The temperature coefficients of the conductivities of the sodium and potassium 
salts were given by II. C, Jones ; so also the ionization constants, a. The latter, 
at 25®, were 

aNaClOa . . .71*4 82*0 90*8 06*6 100*0 — 

aKClOa ... — 79*7 87*5 95*2 95*9 97*2 97*7 

W. Hittorf’s transport number for the anion CIO3' in a 0*37V-soln. is 0*445 ; and 0*462 
ina0’07iV-soln. 

The alkali bromates— According to C. F. Rammelsbcrg/-^^ lithium bromate, 

LiBrOs, is obtained in ncedle-likc crystals by evaporating an aq. soln. in vacuo 
over sulphuric acid. A. Potilitzin says the crystals are rhombic pyramids with 
a molecule of water of crystallization, F. Mylius and R. Funk say the salt is probably 
anhydrous. Crystals of sodium bromate, NaBrOs, were prepared by C. Lowig 
and by E, Mitscherlich, who noted their resemblance to sodium chlorate. The 
crystals of sodium bromate are isonioq)hous with those of the chlorate, and the two 
salts form mixed crystals. In 1865, 11. Marbach found enantiomorphic crystals 
which exliibited circular polarization ; the bromate like the chlorate is optically 
active, and H. Traube found that a cr^^stal of sodium bromate, a millimetre thick, 
rotated the plane of polarized D-light, 2® 10'. J. W. Retgers, and R. Brauns found 
the crystals of sodium bromate to be trimorphous- (i) cubic tetartohedral crystals ; 
(ii) rhombohedral ; and (hi) rhombic. A. J. Balard obtained ncedle-like crystals by 
the cooling of hot soln., and C. Lowig, by the very slow cooling of hot soln. 
obtained 4- or 6-sidcd plates, or psoudo-cubic cry.stals. H. and W. Biltz prepare 
potassium bromate as follows : 

Run 80 grms. of bromine slowly, drop by drop, into a sola, of 62 grms. of potassium 
hydroxide in an equal weight uf water. The soln. acquiT*e8 a yellow colour, and a crystalline 
powder of potassium ]jrc3mate is deposited when the soln. cools, 'I’ho crystals aro collected 
on a Buchner's funnel, and purified by rocrystallization from 130 c.c. of boiling water. 
Potassium bromide is r€iCovered from the mother liquor and -washings by evaporation to 
dryness, admixture with charcoal, calcination, etc. 

The crystals of potassium bromate were at first thought to be cubic, but C. F. Ram- 
melsberg showed that they are pseudo-cubic and belong to the trigonal S3rstem, 
where a : c=l : 1 '3572, and a=85° 67'. They aro isodimorphous with potassium 
chlorate in that the two salts form trigonal mixed crystals if the bromate is in 



THE OXIDES AND OXYACIDS OP CHLORINE, BTC, 331 

excess and monoclinic crystals if the chlorate is in excess. There is an intervening 
lacuna. H. Marbach found the crystals to show negative double refraction. 

The crystals of sodium bromate prepared by P. Kremers had a specific gravity 
3*339 with respect to water at 17*5® ; and by M. le Blanc and P. Rohland, 3*254. 
Similarly P. Kremers foimd the crystals of potassium bromate had a sp. gr. 3*271 
at 17*5“ ; and H. Topsoe, 3*218. The heat of formation of potassium bromate 
from its elements is 84*1 Cals. (J. Thomsen) and 84*3 Cals. (M. Berthelot) *, the 
heat of solution of potassium bromate in 200 mol. of water is —9*76 Cals. 
(J. Thomsen), in 400 mol. of water —9*76 (M. Berthelot), and in 460 mol. of water 
at 11“, — 9*85 Cals. E. F. von Stackelberg gives for the heat of soln. Q of n mol. 
of potassium bromate in 100 of water: 0—10200— 1400n cals. The heat Of 
neutralization: HBrOs+NaOH+aq. ^13*78 Cals.s^ The heat of decompontion: 
KBr03->KBr-j-30+ll*i Cals. The crj-^stals of sodium bromate, according to 
T. Carnelley end W. C. William.?, 33 have a m.p. 381“ ±6“. Potassium bromate 
does not alter when heated up to 180“ ; it then decrepitates and melts at 370“, giving 
off, according to E. H. Cook, a little bromine, —0*08 per cent. The alkali bromates 
decompose when heated into the alkali bromide and oxygen ; there is no evidence 
of the formation of any perbromate. A. Potilitzin found potassium bromate 
lost 0*45 per cent, when heated 2-3 hrs. at 300“ ; 4 per cent, in 30 minutes at the 
m.p. 370“. When heated very slowly no bromine was obtained although three- 
fourths of the available oxygen had been expelled. 

According to P. Kremers, a .sat. soln. of sodium bromate has a boiling point 109“ ; 
potassium bromate, 104°, and if aupensaturated, 106“. H. JahnS^ represents the 
lowering of the freezing point of 0*1 to 0*3N-8oln. of sodium bromate by 3*5669N— 
1 *4806^2^ and for 0*12 to 0*026iV-soln. of potassium bromate by 3*6635iV— 2*0446iV®. 
B’or the more dil. soln. the degree of ionization calculated from the depression of 
the f.p. agrees with the law of mass action. G. Tammann found the lowering of 
the vapour pressure of water from its value at 100“ by the soln. of 9*67 grms. of 
sodium bromate in 100 grms, of water to be 15*5 mm. ; 84*23 grms., 150*2 mm. ; 
and with 6*59 grms. of potassium bromate, 8*4 mm., and 38*91 grms., 51*9 mm. 
R. Abegg and IT. Riesenfeld found the partial press, of iV-soln. of aminoma with 
JN-soln. of potassium bromate is 14*31 mm. at 25“. B’. Mylius and R. Funk 86 say 

that 100 grms. of water at 18“ dissolve 153*7 grms. of the lithium bromate, and the 
soln. contains 60*4 per cent. LiBr03 of sp. gr. 1*833. According to P. Kremers, 
100 grms. of water dissolve : 

0’ 20' 40° 60° 80° 100° 

Grins. NaBiOa . 27-54 34-48 62 5 75-73 90-0 

Grms. KBiO, . :}-ll 6-92 i:t 24 22 76 33-90 49-75 

The soln. are readily under-cooled. According to C. Lowig, aq. soln. of the sodium 
bromate below 4“ deposit crystals of the hydrated salt. The solubility data for 
potassium bromate are due to J. J. Pohl.s* The solubilities of potassium bromate 
in soln. of sodium nitrate, and of sodium chloride were determined by G. Geffcken. 
V. Rothmund measured the solubility of potassium bromate in grams per litre, 
at 25“, in half normal aq. soln. of methyl alcohol, 7416 ; ethyl alcohol, 70*33 ; propyl 
alcohol, 70*33 ; tertiary amyl alcohol, 63*97 ; acetone, 70*99 ; ethyl ether, 65*98 ; 
formaldehyde, 66*31 ; yhjcol, 75*34 ; mannitol, 75*34 ; grape sugar, 71*99 ; urea, 
79*68 ; dimcthylpyrone, 79*84 ; ammonia, 74*33 ; dimethylamine, 64*13 ; pyridine, 
69*.31 ; piperidine, 6615; urethane, 72*33; fornuimide, 79*02; acetamide, 74*33; 
glycocol, 83*68 ; acetic acid, 76*17 ; phenol, 71*15 ; methyUtl, 67*66 ; and methyl 
acetate, 70*151. 

J. 0. O. deMarignao reported the formation of a doable compound of sodium bromide 
and bromate by saturating a soln. of sodium hydroxiilo with bromine, and driving off the 
excess by beat. The mother liquid deposits long needle-like inonoclinio crystals. Accord- 
ing to J. C. G. de Marignac, the crystals have the composition NaBr.2NaBrOa.2HjO ; and 
according to C. Fritzeohe, 2NaBr..3NaBrOa.3HaO. Water or alcohol extracts sodium 
bromate from the crystals. 
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Tho Specific gravity of solutions of potassium bromatc, calculated by 
G. T. Gerlach 38 from P. Kreraers’ data at 19-5", 

Per cent. KBrO, .1 2 .} 4 5 t> 7 8 0 10 

Sp.gr. . . l OOO l-OIO 1-024 1 031 1 039 1 040 1-054 1 002 1 070 1 079 

For sodium bromate the numbers arc : 

Per cent. NuBrOa . 10 J5 20 25 30 

Sp.gr. . . . 1 041 108.3 1 120 1*178 l'23l 1*280 

The index o£ refraction of dil. solu. of sodium bromate 3'* is /i==^0*131 ; M/x—20-7. 
Sodium bromate crystals have llic index of refraction 1*5943, sp. gr. 3*254 ; the 
molecular refraction by Gladstone and Dale’s formula is therefore 27*58 ; and by 
Lorentz and Lorenz’s formnla 15*75. The eq. conductivity of soln. of potassium 
bromate at 25^' change from IILL with a mol. per 32 litres, 1o 126*3, with a mol. 

per 1024 lil res. 40 

The alkali iodates. — A. A. Hayes 41 reported the occurrence of native sodium 
iodate accompanying the calcium borate near Iqiiiqiie. Anhydrous lithium iodate, 
LiI03, was prepared by C. F. Raminelsl)(‘rg in 1838, and in 1897 by F. Mylius and 
II. Funk, by neutralizing lithium carbonate or hydroxide with iodic acid. The 
corresponding sodium iodate, Nal03, was prepiinnl by J. von Li(d)ig by saturating 
water containing finely divided iodine in siispimsion by means of chlorine gas, 
neutralizing the liquid with sodium carbonate ; and after again ])as.sing chlorine 
gas until the iodine is all dissolved, again neutralizing with sodium carbonate. 
The soln. was evaporated to about one-tenth its volume, mix<M] with half its volume 
of alcohol, and the sodium chlorirle washeil from the preeipitatf", by m<‘ans of alcohol. 
Tlie sodium carbonate was removed by treatment with aeetii' acid, and the sodium 
acetate washed out with .alcohol. Similar remarks a])])ly for potassium iodatc, 
KTO3. According to G. Magnus and F. Ammenniiller, if an excess of sodium 
carbonate be employed, sodium ]jeriodate is formed ; the sodium iodate, said 
A. Duflos, can be separated from tli<‘ chloride by e-rystallization. without tlie alcoliol 
treatment. G. S. Serullas cmiplciyed a soim^wliat analogous pro(‘ess with an aq. 
soln. of iodine chloride in place of chlorine and iodine. A. Lojigi and Jj. Loiiavia 
oxidized sodium iodide soln. witli hydrogen pcroxi(h‘ ; and E. Pchhard reduced 
sodium periodate soln. with sodium iodide. Similarly ])otassium iodate, KIO3, 
was made by J. L. Gay Imssac 43 by the action of iodine on hot potash lye, and after 
concentrating the soln., prcMipitating the iodate; by the addition of alcohol. 
N. A. E. Millon Jiiadc^ it by neutralizing potassium hydroxide or carbonate* with 
iodic acid; W. 8tc;venson by treating a soln. of luirium iodate; with potassium 
sulphate; 0. Henry, and also d. 8. 8tas, ])y me‘ltiivg tog<»t.he.r an intimate inixturci 
cjf potassium iodiele and chlorate up to the temp, at wliie*h the; chlorate b(.\giris to 
decompose. The iodate^ and chlorieie* are readily separated by fractional crystalliza- 
tion ; J. S. Stas also maele it by heating ieM.lim* with potassium eliloralo. The 
oxidatiein of iodine* by ])otas.sium chhjiate can he* eemdue'te*(l soni(‘what as follows : 

Dissolve' .*{0 grm.s. of pot as.-iiim fliloraO' in OO i-.r. of \\nrio wDtrr conleiiiicd in a 250 e.c. 
llask. Aetel ,*{5 grins ot iodine', hiuI them 2 c.c. e)f cone, nitric m iel. A vigojons r<*a(;tion 
sets in ; chlorines gas ulenig with a little' vaiiour of ioeline- csc,a])e'.s. Wbe'n tlu^ re*acLion 
subsides, boil the liejuid te> etrivc otY tho diss(jJve.el f'liloj im , and tlie n aeld aiiuthe'r grain of 
iodine;, (.-oncerntrate.' tho soln. by ovapeiratiejn, and i-olloct t lie^ e iystals of pot assium ievlato 
on a Bnedinr'r's funned, d’he.' crude* (»re>eiiic1 is |>iuiticel by elissoUing it in edjout 150 o.c. 
of hot water, ne'utralize the soln. w ith potassium liyelroxide, anel on cooling crystals of the 
desired salt are obtained. 

L. Henr}" passed chlorine into wtiter containing finely divided iodine in .suspension 
until all was dissolve*(l : lu* then added a mol. of potassium chlorate pt'r gram- 
atom of iodine in soln. Potassium iodate was formt'd when the liquid warmed, 
and chlorine was copiously (evolved: KClOa l ICl- -’Kl()3'f (l2- L. P. de 8t. Giles 
used a soln. of potassium permanganate to oxidize potassium iodide ; 2KMn04 
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+KI+H20--2Mn02+2K0H-hKI03 ; or iodine : 10KMiiO4-f3l2+2H2O=l0MnO2 
-j~4K0HH-()Kl03. The equation : KI -l~2KMn04=-K1034 K2^^i^2^5» sometimes 
used to represent the oxidation. The jirocess is illustrated by II, Erdmann's 
method of prej)aration : 

A sola, of 20 gmis. of potassium iudido, ia a small pioporlion of water, is poured 
into a hot sola, of 40 grins, of potassium permanganate in a litre of water. TJie mixture 
is heated on a water bath for about half-ati-hour, and alcohol is added, drop by drop, to 
the pink soln. until the permanganate is decolorized. Filter the mixture, and wash the 
precipitate which is probably potassium manganito. Just acidify the alkaline filtrate with 
acetic acid, and evaporate the licpiid down to about oO c.c. The mother liquor is poured 
from the granular crystals of potassium iodatts which separate as the soln. cooL, the crystals 
are washed repeatedly with absolute alcohol, and <lried. About 25 grins, of potassium 
iodate are so obtained. 

E. Miiller made potassium iodate by electrolyzing the iodide. H. L. Wheeler 
made rubidium iodate, KbI03, by the action of a mol. of iodine pentoxido 
on one of rubidium carbonate ; by treating a hot dil. soln. of iodine trichloride 
with rubidium hydroxide or carl)onate ; liy the action of iodic acid on a hot 
cone. soln. of rubidium cliloride, RbCl. T. A^. Barker obtained a good yield 
by passing chlorine into a hot cone. soln. of a mixture of rubidium iodide, and 
hydroxide whereby the sparingly soluble iodate is precipitated. (kTsiiim iodate, 
CSIO3, made in a similar way. 

A. Ditto prepared crystals of sodium iodate by dissolvijig tlio salt in warm 
sulphuric acid dil. with half its volume of water ; and evaporating over cone. 
sulphuric acid. Colourless strongly double refracting, rhombic crystals are formed : 
a : 6 : C-- ()’9046 : 1 : 1*2815. The crystals of sodium iodate, says A. B. Eakle, 
form isomorphous mixture's with ammonium iodate. According to T. V. Barker, 
the crystals of the iodates of potassium, rubidium, and ciesium form an isomorphous 
group crystallizing in what appear to be cubes, but which are really made up of 
four monoclinio sub-individuals, interi^ciietratingly twdnncd. T)io axial ratios for 
potassium iodate are a:b : c =4 0089 : 1 : 1*4394 ; j8=^90'^ 15', The crystals of the 
iodate are not isomorphous with the chlorate and bromale, and according to A. Ries, 
the iodate and clilorate do not form mixed crystals. 

The specific gravity of tlio crystals of sodium iodale is 4*277 (P. Kremers),*^^ 
potassium iodate, 3 979 at n (P. Kremers), 2'GOl (A. Ditte). The sp. gr. of 
rubidium iodale is 4*559 at 14"^ (water at 4"" unity), and similarly for coesium iodate, 
4*831 at 10^ (water at I"" unity) — the corresponding mol. vol. are respectively 
67*14 and G3'G8. The heat of formation of potassium iodate from its elements Ls 
124*49 Cals. (J. Thomsen) and 123*9 (AI, Borthelot) ; if the iodine is gaseous, 129*36 
Cals. (M. Berthclot).47 xhe heat of neutralization : K0HarirhH103aq.=13*81 
Cals. ; the heat of solution of an eq. of pulassium iodate in a litre of water at 13^^ 
is 14*3 Cals. ; in 4 litres of water, 14’25 Cals. The heat of soln. of potassium iodate 
is -~G*78 Cals. ; for a grin, of potassium iodate in 40 grins, of water at 12°, —6*05 
Cals. ; the heat of dil. of a soln. of an eq. of potassium iodate in 2 litres of water, 
with two more litres of water at 13° is — 0*3G Cal. E. F. von Stackelberg gives 
for the heat of soln., Q, of n mol. of potassium iodate in 100 mol. of water : Q=7000 — 
1900m Cals. The heat of decomposition, KlOa^^Kl+SO— 44*1 (Al, Berthelot), 
—44*36 (J. Thomson), AVhcu sodium iodate is heated oxygen is given olT, and an 
iodide with an alkaline reaction is formed, showing tluit some iodine is lost as well 
as oxygcti ; and J. L. Gay Liissac found a complex residue remained owing to the 
loss of iodine when sodium iodate is kept in a state of fusion for some time. 

The melting point of potassium iodate Ls 560° ± 1°. As J. L. Gay Lussac 
showed in 1814, the iodate decomposes into oxygen and potassium iodide at a 
higher temp, than the chlorate. According to E. Jl. Cook, some iodine is lost at the 
same time. According to G. F. Kammclsberg, no periodate is formed. The 
reaction is catalyzed by pyrolusite as in the analogous chlorate reaction. The 
boiling point of a sat. soln. of sodium iodate is 102° (P. Kremers), 105° (A. Ditte), 
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and of potaasium iodate, 102°. H. Jahn found the lowering of the tre 62 ini 8 ' point 
for 012 to 0'0262V-soln. of potassium iodate is 3’5614i\r— 2‘7367iV2, and in dil. 
soln. the degree of ionization calculated from the depression of the f.p. is in accord 
with the mass law. R. Abegg and H. Riosenfcld say that the partial press, of a 
normal soln. of ammonia with JN-potassium iodate is 1414 mm. at 26°. Lithium 
iodate, said C. F. Rammelsberg, is soluble in about twice its weight of cold water, 
and in very little more hot water ; and according to F. Mylius and R. Funk, 100 
grms. of water at 18°, dissolve 80‘3 grms. of the salt, and the soln. then contains 
44‘6 per cent, of LilOs, and its sp. gr. is 1'668. According to P. Kremers,®t the 
solubility of sodium iodate in 100 grms. of water is 

O'* ZO* 40' 00’ 80' 100' 

NalOa . . .2-5 9-0 16 0 21 0 27 0 34*0 grms. 

K10» . . . 4-73 8 13 12-8 18-5 24-8 322 „ 

Sodium iodate dissolves copiously in warm dil. sulphuric acid without decouaposis;; 
tion ; but it is decomposed by hydrochloric acid. The presence of potassium iodide ' 
causes potassium iodate to dissolve more readily than in pure water ; and although ' 
A. Ditte says that a double salt is not obtained from the soln., yet the phenomenon 
is probably due to the formation of a complex .salt in soln. J. N. Bronsted 
measured the solubility of potassium iodate in aq. soln. of potassium hydroxide. 
Potassium iodate does not dissolve in alcohol. According to H. L. Wheeler, 100 
grms. of water at 23° dissolve 2'1 grms. of rubidium iodate, and 2‘6 grms. of 
ceesium iodate at 24°. The specific gravity of a sat. aq. soln. of lithium iodate ^2 
at 18° is 1'568 ; thesp. gr. of soln. of potassium iodate calculated by G. T. Gerlach 
from P. Kremers’ data, are : 

Per cent. KIO, .123456789 10 

Sp. gr. . . l-OlO 1-019 1-027 1-035 1 044 1 062 1-061 1-071 1-080 1 090 

The index ol refraction of dil. soln. of potassium iodate is ;i=0'106, and the 
molecular refraction M/u,=22-8. The eq. conductivities of the iodates are : 
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The degree of ionization of soln. with O’OOOl mol. of potassium iodate per litre Ls 
991 per cent. ; O'OOl mol. per litre, 97-6 ; 0 01 mol. per litre, 92 fi ; O'l mol. per 
litre, 80‘9 , and 0-2 mol. per litre, 75-5 per cent. G. N. I.ewis and G. A. Linhart 
have compared the degrees of ionization of sodium and pot,as.sium iodates calculated 
from the ratios A/A^ measured by A. A. Noyes and G. K. Falk with those computed 
thermodynamically, and foimd the latter about .0 i)er cent, leas than the former. 

E^dratcd alkali iodates.-- -According to A. Ditte,®* Reclierches sur Vacide iodique 
(Paris, (1870), a neutral soln. of iodic acid in lithium hydroxide furnishes needle- 
like crj’'stal8 when slowly evaporated at 60°. The crystals are regarded as mono> 
hydrated lithium iodate, LilOs.HgG ; and are said to lose their water of crystalliza- 
tion at 180°. The crystals deliquesce in air ; they are very soluble in w-ater ; and 
when treated with dil. sulphuric acid, give crj-stals of hydrated iodic acid. Sodium 
iodate crystals have been reported with 1, 1 J, 2, 3, 5, 6, and 8 molecules of water 
of crystallization. The limits of temp, and the conditions of equilibrium of these 
different hydrates have not been investigated by modern methods. According to 
A. Ditte, the monohydraied sodium iodate, NalOg.IIgO, separates between 60° and 
106° from a soln. of sodium iodate, sat. at its b.p., or by miyip g the soln. 
with alcohol. The best crystals are formed in a slightly alkaline soln. The 
water is lost over cone, sulphuric acid. The sesquihydrated sodium iodate, 
NalOg.lJHgO, is said by A. Ditte to separate in fine needles from a hot sat. soln. 
between 28° and 40° ; or by drying the pentahydrate at 30°. P. A. Meerburg 
obtained confirmatory evidence of the existence of this hydrate at 30° — Fig. 20. 
If a strongly alkaline soln. of sodium iodate be evaporated between 24° and 28°, 
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dibsrdrated sodium iodate, NaI03.2H20, is formed in long prismatic crystals. 
Other hydrates are transformed into those same crystals if heated with the soln. 
for a day between 21“ and 28“. P. Penny and N, A. E. Millon claimed to have 
obtained octahedral ciprgtals of trihydrated sodium iodate, NalOa-SH^O, by cooling 
a dil. soln. of sodium iodate at 20°. The crystals effloresce in air. A. Ditte also 
prepared fine needle -like rhombic crystals of pentahydrated sodium iodate, 
Nal03.5H20, by rapidly cooang cone. soln. between —2° and —22°, or by slowly 
evaporating soln. of sodium iodate at about —2°. The crystals effloresce in dry 
air, forming crystals of the sesquihydrate. N. A, E. Millon claimed to have produced 
a hezahyuutM sodium iodate, NalOs.dH^O, by keeping the ootahydrate under a 
bell jar at 0° until the weight was constant ; and octahydrated sodium iodate, 
NalOg-SHaO, by allowing the iodate to crystallize at 10°, and keeping the product 
in salt water at 0°. The crystals of the octahydrate lose their water very rapidly. 
A. Ditte reported the formation of rhombic crystals of the hemihydrated pptamum 
iodate, KIOa-iHgO, by the slow evaporation of a dil. sulphuric acid soln^ of potas- 
sittm iodate. These crystals melt when heated, and lose their water of crystalliza- 
tion at 190°. P. A. Meerburg could not find this hydrate in his study of the ternary 
system, KI(]i3— HlOg— H2O. at 30°. 

Acid alkali iodates.— The ternary system, KTOs— HIO3— H2O, can give the 
monoiodatc, EIO3 ; the di-iodate, KIO3.HIO3 ; and the tri-iodate, KIO3.2IIIO3. 
The anhydrous salt can unite with iodic acid, forming readily crystallizable salts, 
and the anhydrous salts, KIO3.HIO3 and KIO3.2HIO8, have been described by 
G. S. Si^rullas and N. A. E. Millon. The tri-iodate was considered by C. E. Rammels- 
bei^ and P. Penny to contain some water of crystallization, but this view is wrong. 
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for P. A. Meerburg found none. The cryslalline constants of these salts have been 
described by J. C. G. do Marignac, C. F. Rainmelsberg, and J. Schabus. 

G. S. Serullas made pot^ium di-iodate by adding alcohol to a soln. of the 
normal iodate in dil. hydrochloric acid ; and also by crystallization from a soln. 
of the double salt of potassium chloride and iodate - in much water at 25° ; 
N. A. E. Millon and A. Ditte, by treating iodic acid with half the amount of potas- 
sium hydroxide required for complete neutralization ; A. Ditte, by slowly cooling 
a soln. of the normal iodate in dil. nitric acid ; and N. A. E. Millon, and H. Basset, 
by the action of iodine on a neutral soln. of potassium chlorate ; 2KCIO3-I-I2 
-^-H20=KH(I03)2-f-KCl-|-H0f3 ; on an acidulated soln. of potassium chlorate : 
5KC103-4-2l2-f3H20— 2KCl4-3HCl-f3KH(I03)2 ; on evaporation there is a 
further reaction: KI03.HI03-fl2HCl=KCl-flCl-l-ICl.HCl+4Cl2-l-6H20. 

H, Klinger made the di-iodato by mixing 20 gnna. of potassium clilorate, 21 grms. of 
iodine, and 100 c.c, of water in a half -litre tubulated retort with a thermometer fitted in 
the tubuluro, and the nock directed upwards. The mixture is heated by a small flame. 
The liquid becomes yellow, and violet vapours condense in the neck of the retort. The 
materials begin to react at about 85'’, and the reaction is complete at about 95"^. Only a 
little chlorine is evolved when the liquid is heated up to its b.p. When the colourless 
liquid is cooled, crystals of the di-iodatc3 separate, and tliese can be purified by recrystalliza- 
tion from hot water. The yield is over 70 per cent. Some barium di-iodate can be recovered 
by adding barium chloride to the mother-liquid. 

J. C. G. do Marignac showed that the crystals are trimorphous, for they exist in three 
different forms : (i) Thick plates belonging to the rhombic system- Fig. 16 ; 
(ii) twinned pyramids belong to the monocUnic system — Fig. 17 ; and (iii) thick 
plates also belonging to the monoclinic system — Fig. 18. Aq. soln. redden litmus, 



336 


INORGANIC AND THEORETICAL CHEMISTRY 


and havo an acid taste. The crystals lose 2'3 per cent, of water at 150”, and at a 
higher temp, decompose into potassium iodide and oxygen ; 100 grins, of water, at 
15”, dissolve 1'33 grms. of the salt ; and at 17°, 5'4 grms.57 Alcohol dissolves 
virtually none. The salt can he crystallized from water at 30°. The heat of soln. 
is irS Cals., and the heat of formution from solid iodate and iodic ac id, 3’1 Cals.®* 
The salt is decomposed by mineral acids, and by potassium iodide : CKH(103)2-1-5.KI 
^llKIOa+SIg+SHaO, G. S. Serullas,^® C. F. Rammelsberg, E. Filhol, and 
H. L. Wheeler prepared rhombic crystals of a double compound witli iiotassium 
chloride, KOl.KIOg.HlOg. 

N. A. E. Millon and A. Ditto made potassium tri-iodate, KI 03 . 2 H 10 : 5 . by treating 
a mol. of jiotassiinn hydroxide with three inols. of iodic acid, and by the action of 
an excess of iodic acid on a soln. of the normal salt ; and G. S. Sccrullas made this 
salt by treating the normal iodate, or the di-iodate with mineral acids. The cry.stals 
form rhornboidal prisins belonging to the triclinic S5'ste.m, and acquire a reddish 
tinge after standing some time. When heated between 1.50° and 200°, they lose 
3'25 per cent, of water ; and on further heating, the crystals melt, and then decom- 
pose, forming potassium iodide, iodine, and oxygen. At 15°, 100 grms. of water 
dissolve 4’0 grms. of the salt. The aq. soln. deposits crystals of KIOa.HIOs. 
A soln. with a mol. of the, salt m 32 litres has an electrical conductivity c" 578 ; 
and in 1024 litrc.s, 789. 

The composition of all possible mixtures of the three components, KIO 3 , HlOg, 
and HgO, can be represented by a point on the equilateral triangle, Fig. 19. The 
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curves /IT?, .TtO, OD, arid C.4I represent' systems in which the composition of 
the, soln. arc indicated. The points, K, L, and O, nqncscnt rcsjicctively 100 per 
cent, of HfOg, 100 per cent. H2t), and 100 per cent. KlOg. The points P represent 
the composition of the binary salt KTO3.2HIU3; and V,) the composition of the, 
binary salt KIO3.HIO3. The curves /IT?, TSV, (JU, and DA. Fig. 19, represent 
the composition of soln. which are in eipiilibrium respi'ctively with the solid iihases ; 
KTO3, KIO3.IIIO3, KIO3. 211103, and IllOg. 1’he jioint A represents the solubility 
of potassium iodate, and E the solubility of iodic acid in water at 3ti°. The curves 
intersect at the points B, V, 1) ; and these points represent the composition of 
soln. which are in equilibrium with two solid ])liases. Thus, at B the .soln is in 
equilibrium with the salts KIO3 and KlO.-t.HfOg ; at (\ with the siilfs KIO., HKL 
and KT03.2HI()3 ; and at D, with the .salt KIO3.2IIIO3 and solid iodic acid, HfOg 
The curve ABODE cuts the triangle into two parts: (J) The. region A BODE L 
represents a complex of the three components which at, 30° form an nnsaluralcd 
soln. ; (2) The region ABODEKO reprc.sents a complex whicli at. .30° splits into 
a soln. and one or two solid phases the lines BO, BQ, OQ, OP, DP, and DK have 
been drawn in order to show how the .splitting occurs. Any point in the sectors 
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ABO^ CBQ, CDP, and EDK represents a soln. which separates at 30® into a soln. 
whose composition is represented by a point on the curve AB, BG, CD, or DE and 
into one of the solid phases KIO3 ; KIO3.HIO3 ; KIO3.2HIO3 ; or HIO3. A point 
in the triangle B 0 Q,GPQ, or DPK represents a soln. which at 30® separates into the 
soln. By Gy or D, an(i two salts respectively KIO3 and KIO3.HIO3 ; KIO3.2HIO3 ; 
or KIO3.2HIO3 and IIIO3. some cases, labile or motastable systems may be 
formed ; for example, a soln. of the composition represented by the point in the 
triangle CPQ, Fig. 19, inst(?ad of separating into the two solid phases KIO3.HIO3 
and KI()3.2HI(>3 and a soln. of the composition C, separates into the solid phase 
KIO3.2HIO3 and a soln. rcprosenled by a point on the curve CM, The di-iodatc 
can be crystallized from pure water, at 30°, but with the iri-iodate, unstable di- 
iodatc may sepaTatc out. 

It has been claimed that sodium di-iodate, NalO^.HIO^, can be made by adding 
sodium iodate, NalOs, to an aq. soln. of iodine cliloride, and precipitating the acid 
salt with alcohol ; but G. S. >Scrullas stated that negative results arc obtained, 
for the ordinary iodate is precipitated — (*. F. Rammelsberg, A. Ditte, and N. A. E. 
Millon likewise failed. N. A. E. Millon said that he Avas unable to obtain, by 
analysis, axiCAin remltat assez poar ftre enreffislre. F. Penny claimed to have 
made the salt NaI03.III03 by the ac-lion of nitric acid upon sodium iodate; and 
NaI03.2HT()3, by using a considerable excess of nitric acid — but F. Penny 
gives no analysis of his produciis. 0. \V^. Blomstrand pro])ared sodium tri-iodate, 
NaI03.2 11102- ‘iir2^b but not the di-iodato. It is probable that C. W. Blomstrand’s 
tri-iodate is anliydroiis and not hydraied as he supposed. It is obtained by 
spontaneous crystallization from a soln. containing a mol. of the sodium salt with 
about four mol. of iodic acid. \V. Blomstrand says : 

A small portion of the soln. dries to a tronsj^arent gum -like mass, ]>ut a largo quantity 
of soln., after Some days, begins to dejjoRit on the basin near the surface a ring of a substance 
rosombling chalk, and which consists of very fine particles, anti radiating masses then extend 
deeper into the soln. From time to time, the solid is removed from the liquid by means of 
a spoon, and as much of tho mother liquor as possible removed by press. The residual 
solid is a dry fine crystalline powder. 

According to M. Wcibull, the crystals probably belong to the cubic system. 

P. A. Mcerburg's equilibrium curve fur the ternary wsystem, Nal()3 — HI03-~H20, 
is shown in Fig. 20, and tlie diagram is interpreted like that for the ternarj’^ system, 
KIO3— HIO3— H2O. The solid ])liases are NaI03.ipi20 ; NaI03.2HI03, and the 
pyro- or aiiliydro-salt, Na^O. 21205, i.r. 2Nal03. 1*205. The curve AB represents 
the composition of soln. in ecjuilibrium with XaI03.1^H2() ; BC, of soln. in equb 
librium with Na20.2l205 ; Cl), Nal03.2H103 ; and DE, the composition of soln. 
in equilibrium with solid HIO3. The coiii])osition of the SOdium anhydro->iodate, 
2Nal03.l205, or Na2l40xi, is not sliown in Fig. 20, but it is indicated in the incom- 
plete diagram. Fig. 21, representing the ternary system, I2O5-— HoO — XagO. Here, 
the point P represents the composition of the solid phase, I2O5.H2O, or H103; 
Q, aiaOs.NaaU.ailaO, or NalOs/iHIO;, ; R, Na..0.2lo06, or 2NaI{)3 J.^Og ; S, 
NaoO.IaOg.SHsO, orNalOa-l^llaO ; an.! T. Na.O.SHoO, orNaOlf.lLO. The curve 
ABCJ)FG is jj:ivcii diagram tnatically ; tlie dotted line has not been explored. The 
lino 'AB represents the composition of a soln. in equilibrium with the solid phase 
laOs. ILf), or HIO3; BC, with 31.,05.Na..t).2HoO. or NaI03.21II03 ; CD, with 
2l205.Na30, or 2NaIC)3.l205 ; DBF, with l2O6.Na2O.3H2O, or NklOa.lillcO; 
and FG, Na20.31T20, or Na0H.ll2O. The jmintsH and G represent the 8olu))ility 
at 30“ of pure iodic acid and NaOJl.HwO respectively ; the point B, C, D, and F are 
qnadrn])le 2>oirits representing soln. in cquilibrinm with two solid phases. 

H. 1j. Wheeler 0- prepared rabidium di-iodate, RblOs.HlOs, by mixing warm 
soln. containing one, mol. of iodine pentoxide and two of rubidium cldoride : 
RbCl-f-SiilO;!— Hbl03.HI03+H01. The acid iodate separates as a sparingly 
soluble crystalline powder on cooling. The acid iodate dis.solv'cs in hot water, and 
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tlie normal iodate separates on cooling. Rubidium tri-iodal^ RblOa-SHIOa, sepa- 
rates as a sparingly soluble crv’stalline powder during the croling of a hot soln, of 
5 grins, of rubidium iodate aiid 13 gvms. of iodine pentoxide in 100 c.c. of water, 
boiled down to half its volume. As with the di-iodate, the tri-iodate dissolves in 
hot water and the soln. deposits the normal iodate on cooling. ’ When a moderately 
dil. soln. of two mol. of csesiuni chloride is mixed with a mol. of iodine pentoxide 
dissolved in a little water— dissolving any precipitate which may be formed by the 
addition of more water and heat -a sandy powder of cmsium anliyd^iodate, 
2C8IO3.T2O6. is formed. It can be recrystallizcd from dil. soln. of iodic acid or even 
water alone without decomposition. H. L. \\ heeler also obtained C8BSitt|n ftCid 
anhydxo-iodate, 2CslO.,.Io06,2HI03. by mixing 5 grms. of anhydro-iodate. 
2C8IO3.I2O6, to a boiling soln. of 2.^) grms. of iodine pentoxide in a little water. 
When water is added, the compound is precipitated. 

A series of complex salts -halogenato-iodates -have been formed by the union 
of the iodates or iodic acid with the alkali halides. For example, G. S. S6rullas «3 
obtained rhombic oiy\stals of tlie coni]>ound Kt’I. KIO3.HIO8, or KC1.KH(I08), 

by incompletely saturating a soln. of 
iodine trichloride with potassium hydroxide, 
or carbonate, or by warming normal potas- 
sium iodate with dil. hydrochloric acid 
(I : l('), .allowing the re.spectivc soln. to 
evaporate .sj)ontaneously. The crystals 
are stable in air, and 10(> grms. of water 
dissolve .'■/26 grms. of the salt. Cold 
alcohol extracts potassium chloride from 
the crystals. Tlie salt docs not decom- 
])0se fit KX) ' ; and it loses water at 260°. 
.f. tt. de ^lariguac, found the axial ratios 
of t he crystals to be « : h : c— 1'1483 : 1 : 
0-8847 ; while those of KIO3.HIO3 are 
1‘1470 : 1 : (.3XO‘872r)). Other related com- 
plexes are E. Filhol’s KClfinOalo and 
Kt’hKlOg)., ; C. F. Rammelsberg's 
(NaCl)8(NaI03)2.9H20 ; (NaCI)2(NaI03)12H2() ; NaBr.Nal03.()H20, and the same 
salt with OH2O ; F. Penny’s (NaI)3(NaI03).3.19ll20, wliich, according to C. P. Ram- 
melsberg arid .1. C. G. de Marignac. contains 2(iHoO not 19H„0 ; If. L. Wheeler’s 
RbCl.HIOa; CsClHIOg ; and (RbCOaHIOa ; and“A. Michaef and W. T. Conn’s 
HI7O3, which is considered to be (L^la.HIOs, and is formed by the action of iodine 
on perchloric acid, HCIO4. 

Ammonium chlorate and bromate, N1I40I03 and Nlf4Br03.— J. L. Gay Lussac a® 
prepared ammonium chlorate }>y the, action of an a<i. soln. of chloric acid on aqua 
ammonia or ammonium carbonate ; and R. Clicnevix and A. VVacliter by treating 
barium, .strontium, or calcium chlorate with ammonium carbonate. C. Lowig 
prepared ammonium bromate by analogous methods. J. J. Berzelius also made 
ammonium chlorate by the action of ammonium fluosilicate, (NIl4).2SiVa, on potas- 
sium chlorate and decanted the soln. from the sj)aringly soluble potassium fluosilicate, 
KgSiFe, was precipitated ; while .1. Wonfor used ammonium hydrogen tartrate and 
potassium chlorate, and dcc^auted the soln. from the .sparingly soluble potassium 
tartrate. H. Eammerer made ammoniiuu bromate by heating iodic acid or 
potassium iodate with an excess of cone, ammonia for 8 hrs. at 110°— potassium 
iodide and ammonium bromate were produced. According to 0. F. Schonbein, 
a small amount of ammonium chlorate is formed in the action of chlorine on aq! 
ammonia, and the bromate, by the action of bromine on ammonia. H. Erdmann 
thus describes the process : 

Slowly run 75 0 . 0 , of bromine from a dropping-funnel, with the stem drawn to a fine point, 
into 220 0 . 0 . of cono. 30 per cent, ammonia contained in a flask surrounded by ice-water. 



AiO G NdiO 

Fig, 21. — Equilibrium Curve of the Ter- 
nary Systfim, T.jOg— Na^O— HjO. 
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Tha reaction is 8NH3+3Br2as6NH4Br4'Na. The liquid should remain stroxi^ly ammoniacal 
during the addition of the bromine, and it should be continually shaken. If the bromine is 
run in too rapidly, or if the liquid becomes acid, the explosive nitrogen bromide may be 
formed. Heat the liquid until all the free ammonia is driven off, and evaporate the soln. 
to enable the ammonium bromate to crystalline. Diy the ammonium salt by warming the 
dish over a flame. Tho yield is 220 grms. of ammonium bromate. 


According to J. Grosemann, ammonium chlorate is made by the action of sodium 
chlorate on a soln. of ammonium chloride ; when the liquor is cone, by evaporation 
in a steam-jacketed enamelled pan, crystals of sodium chloride separate out, and 
the hot filtered liquor, on cooling, gives a crop of crystals of ammonium chlorate. 
Ammonium chlorate is explosive, and the crystals may explode spontaneously in 
a short time or in a few months ; and G. E. Davis reported an explosion of the 
soln. while being cone, in steam- jacketed pans, with demolition of the buildings in 
which the operations were being conducted. The boiling aq. soln. decomposes into 
chlorine and nitrogen ; and according to A. Wachter, the solid decomposes when 
heated to 102^ ; when projected on to a cold plate ; and in contact with organic 
matter (E. Mitscherlich). The products of the decomposition are chlorine, nitrogen, 
water, hyponitrous acid, and a little oxygen and ammonium chloride. Similar 
remarks apply to the bromate. According to A. the white nccdle-like crystals 

of ammonium chlorate are probably rhombohedral and isoniorphous with potassium 
chlorate ; tho crystals of ammonium bromate are probably trigonal like potassium 


bromate and arc not isomorphous with 
potassium bromate. The crystals of both 
the chlorate and bromate have a piquant 
taste ; they arc very soluble in water, and 
almost insoluble in aq. alcohol. The sp. 
vol. of a soln. of ammonium chlorate is 
0*986330, and the volume of a soln. contain- 
ing If aneq. of the salt is 1972*661 when the 
computed volume is 1976*290. .J, 11. Glad- 
stone found the refraction eq, of 4*53 and 
21*75 i)er cent. soln. of ammonium chlo- 
rate to be respectively 29*51 and 28*75 
for the F-line, and 33*14 and 30*01 for the 
//-line. 

Ammonium iodate, NH4IO3.- This salt 
is formed by 11. Kiim merer as a spar- 



ingly soluble white crystalline powder by — HlOj— HjiO. 


the neutralisation of aq. iodic acid, or 

iodine trichloride with ammonia or ammonium carbonate ; from iodine water and 


ammonia ; from cold soln. of ammonium carbonate and barium iodate. A. Guyard, 
and F. T). Chattaway and K. J. P. Orton, also noticed that when nitrogen iodide is 
suspended in aqua ammonia and exposed to sunlight, ammonium iodide and iodate 
are formed. 


According to A. S. Eakle the crystals l)elong to the rhombic system, but A. Ries 
says .that it is more probable that they belong to the monoclinic system — with a 
pseudo-cubic form and axial ratios a:h: c=0*9951 : 1 : 1*4299 ; j8=90® O'. F. W. 
Clarke gives the sp. gr. at 12*5'^ as 3*3372, and at 2F, 3*3085 referred to water at 
4*. According to C. F. Ramm'elsberg, the solubility in 100 grms. of water is 2*06 
grms. at 15°, and 14*5 grms. in a boiling soln. ; P. A. Meerburg found that water 
at 30° dissolved 4*20 per cent, of ammonium iodate, Fig. 22. H. Marbuch found that 
the crystals, but not the aq. soln., act on polarized light. The crystals decomposed 
with a hissing noise at 150°, into iodine, oxygen, nitrogen, and water vapour : 
2NH4l03~N2+T2+D2+4Ho0 ; and they detonate when projected on glowing 
charcoal ; and cone, hydrochloric acid also converts them into ammonium tetra- 
ohloro-iodide, NH4ICI4, According to A. Ditto, white crystals of hemihydrated 
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ammonium-iodate, L^NHJOa.HaO, separate from a boiling soln. of iodic acid, sal. 
with ammonia ; the crvstala arc stable at 100^', but docompofle explosively at 

0. \V. Blomstrand found that crystals of the normal iodate separate when ecp 
soln of iodic acid and ammonium iodate are mixed together ; while A. Ditto claimed 
that crystals of ammonium di-iodate, NH4IO3.HIO3, are produced at 70 ^ I\ A. 
Meerbiirg, in confirmation of C. W, lUomstnind, could find no sign of the alleged 
di-iodatc at 30^^, and his equilibrium diagram of ternary soln. : NH4l03*-HI()3-~HjjO, 
at 30 ^ is shown in J ig. 22 . Ammonium tri-iodate» NH4IO3.2HIO3, ?.c. 
(NH4)H >(H>3)^>, was, howeWr, obtained by all three investigators in the form of 
triclinie*’ervstals from soln. containing two eq. of iodic acid per oq. of ammonium 
iodate. In the diagram, DC represents the (‘omposition of the soln. in equilibrium 
with solid ammouium iodate, NH4t03 ; B(\ with the tri-iodate, NH4IO3.2HIO3 ; 
AB, with iodic acid, HIO3. The quadruph* ])oints B and C represent soln. in equi- 
librium with two solid ])hases. E. Kiegler also prepared the tri-iodate liy adding an 
a(|. soln. containing the eq. of 3 grms. of NH3 to a boiling a(j. soln, of llX) grms. of 
iodic acid, HKl,. and allowing the mixture to stand 24 hrs. The tridinie (Tv.stals 
have axial ratios a : b : c~ 0 'o()i )3 : I : and a*~tSl 17 ' ; - 1 li")' (S' ; y 90 “ 49 '. 

E. Riegler proposes this com])lex salt for standardizing soln. in voliim(?tric analysis. 

Silver chlorate, Agrio.j. It. Chenevix ( 1 S(> 2 ) obtained a silver chlorate by head- 
ing chlorine gas into water in which silver oxidi^- was suspended, until oxygen began 
to be formed. J. S. Stas prepared the same salt in a similar manner, using either 
tlie oxide or the carbonate. Silver chloride and liypor-hlorite are lirst formed, and 
part of the latter is Jiydrolyzed to livpochlorous acid, wliich then reacts with another 
part of tlie silver hypoehloritc' to form silver chloride and chlorate. The clear 
lifpjid is decanted from the e.hloride and evajmrated until tlie cldorate crystallizes 
out. L. N. N'auquelin made the salt liy dis.solving silver oxide in cldorie add : and 
W. S. .Hendrixson by the aetion of chloric acid 011 finely divided silver : GAg i-OHClO:] 
~AgCl+3llo( ) f oAgt’lO^. iSilver chlorate exists in two forms: (i) stable wlnt(‘ 
opaque tetragonal jirisjus with the axial ratio a : c -- 1 : 0*9325, and sp. gr. according 
to H. G. F. Sclirod<*r,7*- f- j-j to 4*11 : or, according to J. W. Ketgers, *1*101 at 23^ ; 
(ii) Laliile cubif‘ crystals with a, sp. (»r. of 4*21 acMording to .1. W. Retgers. Idle 
potassium (. Idorate, sjlv(*r chloruto does nut c hange in dry or moist air. L. N. VaU' 
(jLielin says that 1(A) parts of cold water dissolve's a Imut 9 grms. of tlie salt, w hile 
A. Wiichter gives nearly twice this cainount— nair.ely, 20 grms. The salt dissolves 
readily in alcohol. M. Lob and W . Nernst give the ecp coinliictivitv of a soln. 
containing 0 (MA)S and O'()2o nu>l. of AgClOo per litre as 1J()3 aiul 1045 res])eet i vely ; 
the transport miml>er of tlie anion in 0*02A-soln. is giv<Mi as O oOf). According to 
A. W lichter (ISI. 3 ), silver cldorate melts at 230 , and develops oxygen at 270 leaving 
a residue of silver chloride; witli very rapid Jieating flit' salt may decompose (‘X- 
[)losi\el\ . (r. (foic of )1 allied a lilack de[)osit- possil)ly silver peroxide * upon tlie. 

anode during the electrolysis of soln. of silver cldorate. Dry chlorine, according to 
J. Kiutwig, coriseits silver chlorate into silver chloride and I'liloriiie diu.xide : and 
in aq. soln., cldorine forms silver eldoridc, chloric acid, and some oxvgeii. With 
h\ dro( hloj i( , iiitiie, and acetic acids, silv<‘r chloride and oxygen are funned. 
(I Briini ami Cl Levi jmepared triammino-silver chlorate, AgdO^^'lNllj. 

Silver bromate* AgBiO.j. -A. J. Balard^^ ]»recipitated silvm* broniate, AgBrOa- 
as a wdiite jiowxbu by adding bromic acid or p(»lassium broniate to a soln. of silv^er 
nitrate, the powder darkens in light. J. S. Stas says that the preciiiitate is con- 
taminated with an fi]>[)reeiablc (juantity of siKaM* intrate, and he. recommends 
precipitating the salt l)v adding a neutral one per cent. soln. of silver sulphate to 
a 3 per cent. «oln of potas.mum broniate- if the silver suhdiate is not quite neutral, 
the precipitate will lie contaminated with silver bromide, and the supernatant liquor 
will appear more or less milky, and be coloured violet or purple in light. J. S. Stas 
also made silver broniate by treating a 5 per cent. soln. of silver dithionate, AgoSaOo, 
with a t) per cent soln. of potassium broinate, all at O ' ; a white precipitate is formed 
which IS tlioroughlv washed by decantation with cold water, and recrystallizcd from 
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its soln. in boiling water. The salt, dried at 150"^, in vacuo, contains a trace of water 
which can be expelled only by fusion. The crystals of silver bromate belong to the 
tetragonal system 75 with the axial ratio a : c=l : 0*943, and sp. gr. according to 
F. W. Clarke of 5*1983 to 5*2153. The solubility of silver bromate at 20^ is 1*586 grms. 
per litre (W. Bottger) ; at 24*5'', 1*911 (A. A. Noyes) ; and at 25^, 1*68 (A. Longi). 
According to A. Longi, a soln. in 5 per. cent, ammonia (sj>. gr. 0*998) contains 3*51 
grins, of AgBr03 per KX) c.c. of soln., or 3*554 grms. of salt per 1(X) grms. of soln. ; 
and KX) c.c. of a 10 per cent, ammonia soln. (sp. gr. 0*96) contains 44*36 grms. of 
salt per 100 c.c. of soln., or 46*25 grms. per 100 grms. of soln. ; and a soln. in 35 per 
cent, nitric acid (sp. gr. 1*21) contains 0*381 grin, of salt per 1(.X) c.c., or 0*312 gnn 
per 100 grms. of soln. A. A. Noyes showed that the solubility is depressed in ])resence 
of silver nitrate or potassium bromate. According to C. F. Rammelsberg,^” a sat. 
soln. of silver bromate in aq. ammonia deposits, on cone., crystals of diammino' 
silver bromate, AgBr03.2NH3, a salt which readily decomposes into nitrogen, water, 
and silver bromide ; it also deconiposes with a hissing noise when warmed. Accord- 
ing to J. S. Stas, highly purified silver bromate is .stable in light in air free from organic 
matter, and its soln. can be boiled, without change, in direct sunlight. It deconi})Oses 
when heated, forming oxygen and .silver bromide. If ra))idly lieated the salt may 
detonate. G. Bruni and G. Levi prepared triammino-silver bromate, AgHiOa.aNH 3. 

Silver iodate^ AglO^. ~A mixture of silver iodate and iodide was made b}* 
C. Weltzieii (1854) 7® and A. Naquet, by the action of iodine in a(|. or alcoholic*, soln. 
on an excess of silver oxide or nitrate: by W. S. llendrixsou by the action of 
iodic acid on finely divided silver : by C. W. B, Normand and A. C. Camming by tl»e 
prolonged action of iodine on silver cyanatc ; by \X . Fawloif and S. Kchein by the 
action of iodine on silver nitrate; by J. L. Gay Lussac (1815) and A. Ladenburg 
(1865), by treating a soln. of silver nitrate with iodi(5 acid, or, according to (•. F. 
Rammelsbcrg, sodium iodate. A. Ditto obtained good crystals l)y cooling dil. hot 
soln. of silver nitrate and ])ota.ssium iodate in the presence of much nitric acid. 
The didiculty of washing silver nitrate from these precipitates led J. S. 8tas to treat 
silver sulphate witli iodic a(‘id ; or silver dithionate, AggS-. Oc, with potassium iodate. 
The precipitate is washed with cold water, then with hot water, by means of 
suction. The ])recij)itate is sufliciently finely divided for adequate wa.shing when 
made in dil. soln. say per cent. A. E. Ilill and J. P. Sinjmons purified silver 
iodate by dissolving the wa.sbed ])reci]iiiate in aqua ammoiiia, and reprecipitating 
by the addition of nitric! acid, and again washing the product. The precipitate is 
at first amoT]»li<)ii8, but it slowly changes into the crystalline condition l>y agitation 
witli nitric acid. The product is dried at 130'^-15()'^ in a current of dry air free from 
organic matter. N. A. E. Millon, however, has shown that the salt retains traces 
of water very tenaciously at 2CX)'\ 

Rhombic crystals sejiarate from aq, ammonia in small prisms free from ammonia. 
The axial ratios are a : b : c~0’8832 : I : 1*3072. According to F. W. Clarke, 7^^ the 
sp. gr. of ])reeipitated silver iodate at 16*5^ is 5*4023 ; and of tlic salt crv\stiillized 
from ammonia, at 16*5^^, is 5*6175. It melts when heated with but slight decom- 
position, and at a higher temp, it decomposes into oxygen and silver iodide. 
According to J. 8. 8tas, it does 3\ot blacken in light if organic matter be excluded. 
Silver iodate is sj)aringly soluble in water, KX) c.c. of water at IS"" dissolve 0*(XX)14 
mol. (F. Kohlrausch),®^^ at 19*95'\ 0*tXX)154 mol. (W. Bottger) ; and at 25*', 0‘fXX)189 
mol. (A. A. Noyes and D. Kohr). A. Longi found that 1(M) c.c. of 0*5 ])CT cent, 
ammonia (sp. gr. 0*998) dissolve 1*134 grms. of silver iodate ; 10 per cent, ammonia 
(vsp. gr. 0*96), 12 grms. ; and 35 per cent, nitric acid, 0*116 grm. According to 
A. E. Hill and J. V, Simmons, the solu])ility in nitric acid at 25*^ in gram.s and in 
equivalents jier litre, is : 

T^xrn <^*125 0*250 0*600 1*00 2*00 4*00 80*0 

cent. 0 0*788 1*564 3*090 6*128 11*757 22*277 40*425 

/Grms. . 0 0603 0*0864 0*1074 0*1413 0*2067 0*3319 0*6935 1*587 

. 0*178 0*304 0*379 0*499 0*731 1*174 2*469 5*608 
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The amorphous variety is more soluble than the crystalline form. The salt is 
not decomposed by boiling nitric acid ; cone, sulpliuric acid at 300'^ does not yield 
oxygen or iodine, hut if organic matter be present the salt decom^oaea at 
Alkali lye decomposes silver iodate rapidly in the cold. ‘ Chlorine acts otdy on the 
heated salt, forming iodine trichloride. Hydrochloric acid acta : AgIOa+6HCl 
=:AgCl4-ICl3+3H20+0l2 ; iodine yields iodic acid and silver iodide ; boiling 8<>ln. 
of potassium iodide give silver iodide and potassium iodate j wnc. soln. of potassium 
iodide, in the presence of liydrochloric acid, furnish iodme, silver io'did^. abd potas- 
sium chloride: Agl03+6Kl+6HCl=Agi+hKClH*-3I,24*3H20. QoM is not 
attacked by iodic acid ; but a soln. of auric chloride, A11CI3, with iodic acid or 
potassium iodate, gives a yellow precipitate of sparingly splubl^ SOld iodato* The 
corresponding chlorate and bromate have not been made. 

Cupric cUorate» 011(0103)2 ' L» N. Vauquelin (1815) and J. Traube (18D5) 
obtained bluish-green solii. by the dissolution of cupric oxide or carbonate in chloric 
acid ; and by evaporating the analogous soln. obtained by the action of cupric 
sulphate on barium chlorate, in vacuo, over sulphuric acid, dark green crystals of 
what are said to be hexahydrated cupric chlorate, Cu(0lO3)2.6H2O, were obtained 
by A. Wachter, in 1843. The crystals are unstable in air ; they nmlt at 65"^, freeze 
again at 20°. At 100°, the salt gives off gas bubbles, and this the more 
vigorously as* the temp, rises to 110° or 120°. The gases are chlorine dioxide, 
chlorine, and oxygen. According to J. Traube, aq. soln. at 15° have; with 


Per cent, Cu(C10a)« 

2100 

4-778 

0045 

lOOlO 

14*387 

Specific gravity 

1 -01 020 

1 *03857 

1 05714 

1-08444 

1*12531 

Mol. .solution volume 

. 470 

47*4 

48*5 

49-6 

51-0 


The lowering of the f.p. of water by the soln. of 2 ‘IOC per cent. Cu (0103)2 is 0*485°, 
so that the molecular depression is 531. The crystals arc soluble in alcohol. It is 
probable that the alleged hexahydrated chlorate is a tetraliydrated chlorate, for, 
according to A. Meusser, the solubility curve shows no signs of the hexahydrate, 
but only tetrahydrated cupric chlorate^ (^1(0103)0.4 1120. The solubility repre- 
sented by the number of grams of cupric chlorate, OufCdOa)^, in lOU grins, of soln. 
at different temp., in presence of the solid pliasc 0u(0103)2-4 lUG, is 

-31" ~2\' 0 8" iH’ 45^ 7V 

Solubffity . . . 54'5y 5712 oHol 02 17 00 17 O‘J-42 7C-90 

Ice is the solid pliase below —12°, wlien the solubility is 30*5 per cent., and at 
— 25°, 39*1 per cent., the solid melts at 73°. Possibly at this temp, a lower hydrate 
is formed, 

A basic copper chlorate is formed when soln. of potassium chlorate acidified 
with sulpliuric acid are electrolyzed with an alternating cuntmt between copper 
electrodes (L. Rossi) ; when the h}’drate is heated above lOO"" (A. Wachter) ; when 
a soln. of copper chlorate be mixed with pieces of marble or urea, and heated in a 
sealed tube to 130° (L. Bourgeois) ; when the hydroxides of the alkalies or alkaline* 
earths act on cupric chlorate soln., or copper hydroxide acts on soln. of potassium 
chlorate (A. Brochet) ; when hydrated cupric oxide or cujiric hydroxide acts on 
cupric chlorate soln. (P. 8abatier) ; or when potassium chlorate acts on cupric 
acetate soln. (A. Casselmann), basic cupric chlorate is obtained. The basic 
chlorate forms bluish-green monoclinic prisms ; of sp. gr. 3*55 ; and composition 
4CUO.CI2O5.3II2O, that is, Cu(C 103)2-3 Cu( 0H)2, which A. Werner considers to 
be hexahydroxyl cupric chlorate : 

[^KhO ^'^^3 j (^103)2 

This basic cWorate is very sparingly soluble in water, very soluble in dil acids, and 
soln; in dil; nitric acid gives no precipitate with silver nitrate ;-;:the soln; 
liydrochloric acid smells of chlorine. Its solubility in a cone, soln; of ctipriC " 
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clilorate is proportional to the temp, and cono. of tho soln. The basic chlorates 
have not been studied from the point of view of the phase rule. 

P. Ephraim and A. Jahnsen prepared a number of ammino-compounds or 
amimoniates of the m^al chlorates bromatesv and iodates (i) by pamng ammonia 
into a cone. aq. soln. of the metal ; (ii) by adding ethyl alcohol sat. with ammonia 
to the metal salt ; or (iii) by heating the salt at a suitable temp, in a stream 
of ammonia. Copper tetrammino-chlorate, Cu{C10a)2.4NH3, forms deep-blue 
needles with a sp. gr. 1*81, mol. vol 164*9, and a dissociation press, of 36 inm. at 
55 mm. at lie"" ; and 715 mm. at 158^ Copper hexaiQinma-chlorate, 
Cu{C 103)2.6NH3, forms deep-blue crystals with a dissociation press, of 201 mm. at 
-15^ ; 286 mm. at ; Sm nun. at 10^ ; 491 mm. at 20^ ; 628 mm. at SF— with 
some evidence of the formation of a solid soln. Many of these ainmino-compounds 
explode when heated or by percussion. The explosion in an open tube is believed 
to occur at the temp, at which the dissociation press, reaches one atm., because 
“ below the dissociation temp,, the splitting off of ammonia molecules is an endo- 
thermal process, but above the dissociation temp, an exothermal process.” Copper 
tetra-ammino-chlorate explodes in an open and closed tub<i respectively at 208° and 
289® ; and the hexa-ammino-chlorate at 201° and 240°. The heats of formation, 
Q, calculated by A. Jahnsen from log — Q/4*57ir“l-l*75r+3*8 are 15*6 Cals, 

for the tetrammino-salt, and 9*8 Cals, for the hexammino-salt. 

Copper bromatet Cu(Br03)2. — This salt is obtained in a similar manner to the 
chlorate, forming deep blue octahedral crystals, withsp. gr. 2 583. C. F. Rammels- 
berg's analyses®^ make the composition Cu(Br03)2r>H20, H. Topsoe’s analyses, 
Cu(Br()3)2.6H20. The crystals do not eiBloresce in air, but over cone, sulphuric 
acid they form a green powder. The crystals lose most of their water at 180°, 
and the last trace with some bromine is lost at 200°. As with the chlorate, basic 
bromate is said to be formed when the hydrated bromate is heated ; and when 
the normal salt is incompletely precipitated by ammonia. C. F. Ilammelsberg 
gives for the composition of the basic bromate 6CuO.Br2O6.10H2O ; that is, 
Cu(Br03)2.5Cu(0H)2.5H20. C. F. Rammelsbcrg, and A. Jahnsen prepared Cupric 
tetrammino-bromate, Cu(Br03)2.4NH3. At room temp, the salt takes up no more 
ammonia. Its sp. gr. is 2*31 ; mol. vol. 167*7 ; its heat of formation 14*9 Cals. ; 
it detonates in an open capillary tube at 140°, and in a closed tube at 148°~150° ; 
and it also detonates when struck with a hammer. 

Copper iodate, 0u(I()3)2. — Copper iodatc is not precipitated when iodic acid is 
added to a soln. of cupric nitrate, because the nitric acid liberated by the double 
decomposition is soluble therein. C. F. Rammelsbcrg in 1838, and N, A. E. Millon 
in 1845, made a soln. of copper iodate. A. rieisclil (1825) noted a similar result 
is obtained by dissolving copper hydroxide or carbonate in iodic acid. A 
greenish- white precipitate is formed when a mixed soln. of iodic acid or sodium 
iodate and copper nitrate, acetate, or sulphate is allowed to stand for a few hours, 
or, if the soln. be acidified with nitric acid and warmed to 40° or 50° (A. Ditte) ; 

:5vA. Granger, and A. de Schulten gradually dropped a soln. of 20 grms. of potassiumi 
iodate in two litres of water into a soln. of 30 grms. of cupric nitrate in 100 c.c. of 
water and 50 c.c. of nitric acid (sp. gr. 1*33) heated on a water-bath. After standing 
6 days, 11 grms. of crystals of the salt can be collected. According to J. F. Spencer, 
a pale-blue precipitate is formed when potassium iodate is added to a soln. of cupric 
nitrate ; the precipitate dissolves when the soln. is shaken, but if an excess of the 
potassium iodate be added, a pale-blue «*Tystallinc precipitate is formed. The 
precipitate can be washed with water and dried in air. The pale-blue triclinic 
crystals have a sp. gr. 4*876 at 15°, and their composition corresponds with 
the monohydrated cupric iodate, Cu(I03)o.JL,0. The axial ratios are a:b:c 

^ «*1*2898 : 1 : 1*5188 ; a=:.=82° 38' ; j8=:95° 0' ; y=9r 6' ; the sp. gr. 4*876. This 
iodate loses water between 240° and 250°, the water of crystallization is taken up again , 
when the deb^ salt placed irt' water when cupric iodate & heated f ^ 
to a still higher temp, it gives off iodine and oxygen, and leaves a residue of cupric 
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oxide, KK) grms, of water dissolve 0*33 grin, of this hydrate at 15^ ; and 0*65 at 
lOO"". J. F.*^Spo!icer found 0 W33 mol. dissolved at and he could detect no 
evidence of the formation of complex salts in the presence of potassium iodate or 
cupric sulphate, because the depression of the soliibility in the presence of those salts 
is normal. Cupric iodate is soluble in atp ammonia and dil. sulphuric acid ; the soln. 
in hydrochloric acid gradually decomposes with the evolution of chlorine, etc. 

N. A. E. Millon reported a hydrate, 3Cu(I03)2.2II.>D, but it is probably a mixture. 

Anhydrous cupric iodate ivS formed when a sat. soln. of the luonohydiato-d salt in 
cone, nitric acid is heated between 10 ^ and for some time. Pale-greou mono- 
clinic plates of sp. gr. 5-211 at 1.5'" are burned ; the crystals, in contact with watou, 
form the luonohydraicd salt on standing a few days. A. Jahnsen prepared the 
anhydrous iodate by drying the monohydrate at 240"^, the product is pale brown, 
but no free iodine can be detected in the product. It has a sp. gr. 48*3, and mol. 
vol. 85*6. Basic copper iodate corresponding with 2CuO.I2O5.fHoO has been 
reported by N, A. E. Millon (1845) and A. Ditto (1890) ; and 2OuO.IoO5.IIoO, 
or Cu(I03)2.Cu(0H)o, or Cu(103)0ll by A. Granger and A. de Sehulten (1904). 
The latter is produced ])y the action of porassiuni iodate on a warm faintly acid di). 
soln. of copper sulphate. Tlie dark-green rhombic crystals have a sj). gr. 4*878, 
and axial ratios r/ : : 0 -0*712 1 :1 : 1*7073. Many basic salts may or may not 

prove to be chemical individuals when investigated in the light of the i>hasc rule. 

O. F. Rammelsborg, and F. Ephraim and A. Jaliiisen prepared dihydrated Copper 

tetrammino-iodate, 011 ( 103 ) 2.211 0O.IMH3, in blue prisms by the action of ammonia 
on an ammoniacal soln. of copper nitrate. The compound 0u(lO3).8NH3.4Jl2t>, 
reported by A. Ditto, is probably the totrammino-salt. A. Ditto also made t his 
salt by the action of ammonia on anhydrous r*upri(‘- iodate. When tliis s«alt is 
dehydrated at 160'' in a current of ammonia, it forms copper tetrammino-iodate, 
(.hi(I03)2.4NH3 ; and when the latter eompound is sat. with ammonia in the cold, 
it furnishes copper pentammino-iodate, (.' 11 ( 103 ) 2 . 5NH3, 2*72, and mol. 

vol, 183*2. 'rhe mol, vol. of eaeli 1^113 in the complex is 19-5. The lattci" 
compound has a dissociation press, of 1 11 mm. at 50*5" ; 260 nun. at 65 ’ ; 4.40 mm. 
at 70°; 640 mm. at 82"; and 719 mm. at 81*5''. The lieat of formation, 
according to A. Jahnsim. is 12*7 Gals. These anuniiio-iodates do not explode 
when heated in an open tube, but in a closed tube they explode between 
210° and 219". 

The chlorates of the alkaline earths, - Tlies^? I'hlorates include calcium cldorate, 
Ga(01(J3)2 ; si rontiiim chlorate, 8r((l03)2 ; and l)ariam chlorate, Ha(G103).2. Tlie 
barium salt is perhaps the most iiscdul of the scries bc(‘ause of its use in preparing 
the acid and other salts by double <lecom|)osition. The chlorate and chloride of the 
alkaline earth are formed by ])a.ssing chlorine into water in which the hydroxide or 
carbonate is suspended. As previously indicat<*d, t condit ions for a maximum yield 
have been discussed by G. Imnge. It isdifUeult toscj)aratc the chlorate and chloride by 
fractional crystallizat ion, and hence K. Chejievix and L. N. Vauquelin crystallized 
out as much of the less soluble chloride as was practicable, and removed the rC' 
mainder by adding silver ])liosphate. {\ Moore used native calcium borate at 
60°-80° in jdace of the carbonate or hydroxide: 3(Cu2}V >7-3112(3) +6(12 '!ddl2f) 
~12H3B(33H-5('a(Jl2 J-Ca(( 1(33)2 ; recovered tlie crystals of lioric acid by cooling 
to lo . Jhe ehloi'ate is also made by neutralizing an aq. soln. of chloric acid with 
the hydroxide or carbonate of the alkaline earth ; the ('liloric; ac/id being c)btained 
by double decomposition witli potassium or sodium chlorate and an acid (7r acid salt 
which will give a sparingly soluble, alkali salt. Tliu.s, A. Wacliter «7 treated potassium 
chlorate with hydrofluosilicic acid whereby potassium diiosilicate, K2SiF5, is ])re- 
cipitated, and a soln. of eliloric acid is ftjrmed ; L. Thompson treated potassium 
chlorate with ammonium bitartratc to get a jmjc.ipitale of potassium tartrate, 
KH5C4O5, and a soln. of ammonium chlorate ; M. Brandau mixed potassium chlorate 
with aluminium sulphate and sulphuric acid, and added alcohol to precipitate, alum 
— K2®®4-A.l2(SG4)3.24H20 ; A. Duflos treated sodium chlorate with tartaric acid 
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whereby sodium tartrate, NaH5C406, precipitated ; and R. Bottger treated sodium 
chlorate with oxalic acid, whereby sodium oxalate, Na2C204, was |)recipitated. In 
each case, the decanted liquid was neutralized with the hydroxide or carbonate of 
the alkaline earth, and the clear liquor cone, until the required salt crystallized from 
the soln. The chlorates of the alkaline earths have been made by the electrolysis 
of soln. of the chlorides L. Wheeler, and T. B. Munroe )nade barium 

chlorate by treating sodium chlorate with liydrofluosilicic acid : 2NaC103 
+H2SiFo->2HCI03 'f-Nac^SiB'e ; after settling, the soln. of chloric acid was decanted, 
and the precipitate washed. The chloric^ acid was then neutralized with barium 
carbonate, and the barium chlorate crystallized from the soln. The yield is about 
b() per cent. The chief loss is due to the difficulty in separating the chloric acid 
and sodium fluosilicate. 

Calcium chlorate separates in de]i(jues(‘eiit. monoclinic crystals of the dihydrated 
calcium chlorate, Ca(Cl()3)2.2H20, when its soln. are "evaporated over cone, 
sulphuric acid. According to A. Wachier,^^^ strontium chlorate under similar 
conditions gives rlioinbic (*rysials of the anhydrous salt, Sr(C103)2, where the 
axial ratios are a : h : c— 0 0174 : 1 : O bOOo (H. Topsoe) ; A. Potilitzin obtained 
necdle-like crystals of trihydrated strontium chlorate, Sr(C]03)2.3H20, by cooling 
a 59 per cent. soln. to — 10'', and rhomluc prisms by (‘ooling a 01 per cent. soln. 
to — 20^^ or — 25'^; if the latter soln. be rapidly cooled to — 05'^ to — 98'’, it forms a 
gelatinous mass. Other loss definite hydrates of strontium Iiave been reported. 
The soln. of the barium salt furnishes mono<‘linic prisms of the monohydrated 
barium chlorate, i3a(Cl().3).,.H*,0, wliere the axial ratios are c— 4*1410 : I : 

1*1981 ; 34' (A. S.“Eakle). E. Mallard, H. Traube, ,1. W. Retgers, and 

R. Rea studied the isomorphism of the nitrate and chlorates. According to 
H. Traube, barium nitrate and chlorate form regular tetrahedra containing at 
most 12*5 per c.ent. of barium clilorate, ami monoclinic (rvstals with not- over 9*1 
per cent, of the nitrate. Rhombic crystals of strontium nitrate an<l chlorate were 
obtained with not over 7*2 per cent, of the chlorate. 

According to M. Trautzand A. Anschiitz, the crystals of barium inonohydrated- 
chlorate begin to forn\ in darkness jiioro ra])idly than in light ; they exhibit 
triboluminescen(*e that is, they dev<*lop a transieiit luminescence by friction, 
trituration in a mortar, or by shaking th<^ rry.stals in a bottle; and according to 
A. Wacliter, crystalliziiig barium chlorate also shows rrystalloduminescence — ?.c. 
crystallization is attended by flashes of luinine.scence. P. Bray could detect no 
fluorescence Av hen the crystals of l^arium chlorate were exposed to the Koiitgen or 
to the Becquerol rays. The crystals of tlie hydrated barium clilorate have a 
sp. gr. 2*988, according to C. 11. D. Bodeker ; 3*179, according to H. 0. F. Schroder ; 

the latter also gives 3* 152 for tlie crystals of strontium chlorate. 

The heat of formation of barium chlorate, Ba((3()3)2, from its elements is 
181*2 Cals. ; the heat of soln. of the monohydrate in (jOO mol. of water is 11*24 Cals. 
The sp. ht., according to L. (rodin, is 0*157 between H"" and 47'^. Dihydrated calcium 
chlorate melts in its wat<*r of (crystallization about lOO'^, and if heated slowdy, all 
the water can be expelled, .\ccording to I. (Ujar(\schi, the dehydration iemjxuatiirc 
is 50'^, and the dry salt regains its water rapidly wlion exposed to the air, and is 
very deliquescent. According to W. H. 8od(‘au, anhydrous calcium chloiate 
decomposes ; 2Ca(C103)o=-2CaCl2d4>02, and also 2(Vx(0(l3)2-~2Ca()+2Cl2-f 502 

- 480 times more chlorate discomposes by the first than by the second reaction — 
from 0‘G to 2*0 per cent, of chlorine accompanies the oxygen, whether the decom- 
position proceeds slowly at 4 mm. or at 7G0 mm. press. When anhydrous strontium 
chlorate is heated, it begins to give off oxygen at about 120'^’ ; and then molts. 
According to A. Potilitzin, tin? first reaction in the decomposition of strontium 
chlorate is the formation of the perchlorate, chloride, and oxygen : 118r(C103)2 
=9SrCl2+2Sr(C104)2+2502. A. Wiichter found that monoliydratcd barium 
chlorate loses its water at 120®, some oxygen is given off at 250®, and it melts at 
about 400°; and, as L. N. Vauquelin noticed, the residue contains both barium 
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oxid6 and barium chloride. A. Potilitzin says the decomposition begins at 300^, 
at 310^ only about 0*2 per cent, is decomposed in 80 mm. ; between 378^ and 383 , 
the decomposition proceeds in accord with the equation • 2Ba(CiP3)2=*=Bfl'Cljj 
-'^Ba(C104)2+202, at first with increasing and then with a deoTeasing velocity i 'but 
only about H*1 per cent, is decomposed in 3 hrs. at this temp. ; between 403^ and 
405*^, the speed of this reaction is nearly doubled* The solubility of the monohydrated 
barium chlorate in w^ater has been determined by P. Kremers^®^ etc. M. Trantzahd 
A. Anschutz find that the solid phase from the eutectic or cryohydric tetnpi, ^2^749® 
±0 004^, is Ba(C103)2 H20, and the percentage amount of salt, calculated as BaCCIOs) 
in the soln. at different temp., is 

— 2*76® 0® 10® 20* 40® 00® SO® lOO* 140*' 

Per cent. Ba(C10j)2 , 15*28 16*90 21*23 25*26 33*16 40*05 46*90 62*62 78*0 

According to A. retard, the sat. soln. of barium chlorate has a solubility 8 at 
between (f and 100^ /8=19*0+0*382l?. F. Mylius and R. Funk state that 100. grms. 
of water dissolve 174 grins, of Sr(C103)2 at 18*^ ; or 100 grms. of a sat. soln. at this 
temp, contains 63*6 grms. of strontium chlorate, and the sp. gr. of the soln. is 1*839. 
Similarly, 1(X) grms. of a sat. soln. of hydrated calcium chlorate at 18® contains 64 
grms. of calcium chlorate, Ca(C103)o ; and the sp. gr. of the soln. is 1*729. According 
to W. Eidmann, hydrated barium and calcium chlorate arc soluble in acetone; 
and sparingly soluble in absolute alcohol — the former colours the alcohol flame green, 
the latter red. The sat. aq. soln. of barium chlorate, say M. Trautz and A. Anschutz, 
boils at 105® and 760 mm. when the soln. contains 52 67 per cent, of salt ; P. Kremers 
gives 111® as the boiling temp, of a sat. soln. O. Tanuuanu found that the vap. 
press, of water at 100® was lowered 8*7 mm. by the dissolution of 8*54 grms. of 
barium chlorate, and 103*2 mm. by 86*29 grms. J. 11. Gladstone found the refraction 
cq. of a 23*75 per cent. soln. of barium chlorate to be 52*72 for the .^J-liiie, 53*36 for 
the D-line, and 54*95 for the Hdine. 

The bromates oi the alkalineearths — -The alkaline earth brornates are obtained 
by processes analogous to those employed for the chlorates. C. Ldwig treated an 
aq. soln. of the hydroxide with an excess of bromine ; A. J. Balard used bromine 
chloride ; C. Lowig and J. S. Stas treated the chloride or acetate with potassium 
bromate : 2KBr03+BaCl2=2K(,l-j-Ba(Br03)2 ; and Lowig and C. F. Rammels- 
berg neutralized bromic acid with the carbonate or hydroxide. The bromates of 
the alkaline earths can also he prepared by the electrolysis of soln. of the brombles. 
J. Sarghel showe<l that the yield with barium bromide is smaller than with calcium 
or magnesium bromide. 

Calcium bromate is obtained by the concentration of the aq. soln. in nionoclinic 
crystals of the monohydrated calcium bromate, Ca(Br03).2.H20 ; and likewise 
with monoclinic crystals of monohydrated strontium bromate, Sr(Br03)2.Il20, 
which are isomorphous with barium chlorate, Ba(C103)2.H20, and monohydrated 
barium bromate, Ba(Br03)2Jl20. J. C. G. de Marignac’s values for the axial^ 
ratios of the calcium salt arc a :b: c— 1*2045 : 1 : 1*0835 ; j8==:97® 53' ; J. Behr'^" 
values for the axial ratios of the crystals of the strontium salt are a :b: c— 1-1612 : 

1 : 1*2356 ; j3— $)2® 38' ; and for the barium salt, J. C. G. do Marignac found a \ h\c 
=1-1486 : 1 : 1-2130 ; ^=93® 2'. According to H. Topsoe, the sp. gr. of monohydrated 
calcium bromate is 3*329 ; of the strontium salt, 3*773 ; and of the barium salt, 3*820. 
J. Behr also gives for the strontium salt 3*778 ; and for tlie barium salt, 4*253. 
A. Eppler gives for the barium salt, 4*195, and K. W. Clarke and F, H. Storer ; 4*0395 
at 17®, and 3*9918 at 18°. The crystals of calcium, strontium, and barium bromates 
show triboluminesccnce.®7 The calcium salt loses its water at 180®, and the anhy- 
drous salt decomposes when heated to a higher temp, into calcium bromide and 
oagrgen; the crystals of the hydrated strontium bromate do not lose their water, 
at temp, in vacuo over cone. TOlphtiric acid, but th^ water is. compIeteM; 

airid the. dehydrated salt Iq^s its . dky gen and forms strbntiuij^ iJrbimde ^ 
higher temp. According to A. Potilitzin,®® oxygen begins to be evolved at about 
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24if witliout the salt melting. As the temp, rises, the speed of decompoBition 
increases to a maximum when about 10-12 per cent, of oxygen has been given 
off* The main reaction furnishes oxygen and strontium bromide : Sr(!]to03)2 
«=StBr2+302 ; and a secondary reaction results in the formation of strontium oxide, 
bromine, and oxygen: 2Sr(Br03)2=2Sr0+2Br2+502. The higher the temp, of 
decomposition the less the proportion of bromate converted into oxide — at 
252®, 5 per cent, of oxide is formed : and at 287®, 0 52 per cent. Hydrated bariimx 
; bromate loses its water completely at 170®. The evolution of oxygon begins at 
’about 260® or 265®, and the decomposition is vigorous at 300®-‘305®, and some bromine 
vapour comes off. There is no sign of the formation of a perbromate, although 
A, Potilitzin (1890) argued that because the speed of decomposition shows 
iwo distinct maxima, the decomposition must take place in two stages; in one, 
Ba0(Br03)2 is formed, and in the other, Ba(Br03)2 ; but this is an ill-founded 
hypothesis. 

According to C. F. Rammelsbcrg, cold water dissolves very nearly its own weight 
of hydrated calcium bromate ; one-third its weight of the corresponding strontium 
salt ; and about of its weight of the barium salt. According to M. Trautz 

and A. Anschutz, the cryohydric temp, with barium ])romatc, Ba(BT03)2»H20, is 
— 0*034® ±0004®, and the solid phase from 0® to 100'^ is the monohydrate. The 
percentage solubility is then 

-0*034'‘ 0’ 10" 20" 40“ 00* 80" 99-68 

Per cent. Ba(Br03)a 0*28 0*286 0*439 0*662 1*310 2*271 3*521 5*39 

W. Eidmann says barium bromate is not soluble in acetone. W. D. Harkins has 
measured the effect of various salts on the solubility of barium bromate. 

The iodates of the alkaline earths.— According to K Sonstadt, sea- water contains 
one part of calcium iodate, Ca(103)2, in 250,(X)0 parts of water ; and it occurs as the 
minerals : lauiarite, Ca(I03)2 ; and dietzeile, 7(JaI()3.8CaCr04, in Chili saltpetre.®® 
Lautarite and dietzeite, says F. W. Clarke, are remarkable as the first definitely 
known iodates to be found in the mineral kingdom, although A. A. Hayes reported 
sodium iodate as long ago as 1844. According to A. de Schulten, native lautarite 
can be imitated by heating 4(X) grms. of sodium nitrate until it commences to 
decompose, and mixing the molten mass with 125 grms. of monohydrated calcium 
iodate. On slowly cooling the molten soln. and washing away the nitrate with cold 
water, fine triclinic crystals of anhydrous calcium iodate, 2 to 3 mm. long, are 
obtained — sp, gr. 4*591 at 15°. 

Tliree hydrates of calcium iodate have been reported, but one is probably a 
mixture of the other two. Rhombic crystals of hexahydrated calcium iodato» 
Ca(I03)2.6H20, separate from a mixture of soln. of calcium iodate in hot dil. nitric 
acid (A. Ditto) ; from a mixture of soln. of calcium nitrate or chloride with iodic 
acid (N. A. E. Millon) or potassium iodate (C. F. Rammclsberg) ; by mixing a 
cone. aq. soln. of calcium chloride with a dil. alcoholic soln. of iodic acid 
: (A. Ditte) ; and by adding a cold filtered soln, of bleaching powder to an alcoholic 
' soln. of iodine or potassium iodide until the iodine has all dissolved, and acids no 
longer produce a precipitate (W. Flight). The rhombic crystals of hexahydrated 
calcium iodate have axial ratios a\h\ 0*4357 : 1 : 0*5220 when crystallized 
from dil. nitric acid ; and a:h: c=0*6465 : 1 : 0*2768 when crystallized from soln. 
containing a little calcium chromate. The crystals show a positive double 
refraction. 

According to A. Ditte, if an exciess of a boiling soln. of calcium nitrate be mixed 
with a boiling soln. of an alkali iodate, crystals of tefrahydrated calcium iodate, 
Ca(I03)2.4H20, separate on cooling, but in repeating this work, F. Mylius and 
R. Funk always obtained crystals of a variable composition, and they 
therefore infer that the alleged tetrahydrated iodate is really a mixture of the 
.|hexa- and Ibhe monq-hydrates* They fiud that if tfie hexahydrate be suspended 
|t|h ¥ater^'a:l^h polyEedraJ crystals are obtained which ebrre- 

spond with monohilP^ted oalcium ioaate» Ca(I0s)2.H20. N, A. E. Millon (1843) 
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also showed that the ^hexahydrate loses the eq. of five molecules of water when 
dried at and the remaining molecule at 

Strontium iodate furnishes two hydrates : According to 0. F, Rammelsberg, 
monohydrated strontium iodate, Sr(I03)2.H20j formed as a white crystalline 
powder when hot soln. of strontium chloride and sodium iodate are mixed together ; 
and, according to A. Ditte, the same hydrate is formed by crystallization from 
cold nitric acid soln. F. Rammelsl)erg also claims that if soln. of strontium 
chloride and sodium iodate arc mixed together in the cold, small crystals of hexa- 
hydrated strontium iodate are formed. 

J. L. Gay Lussac made monohydrated barium iodate, Ba( 103 ) 2 .H 2 ^b }^y 
dissolving iodine in baryta-water ; R. de Grosourdy employed iodine trichloride 
witli baryta water or barium carbonate suspended in water. (J. F. Rammelsberg 
made it by heating barium periodate, and also by treating sodium iodate with a 
cone. aq. soln. of barium chloride ; A. Ditto similarly tised a dil. boiling soln. of 
l)arium nitrate. N. A. E. Alilloji boiled baryta water with an excess of iodic acid 
and washed the precipitate with water -the "boiling is necessary to prevent the con- 
tamination of the precipitate with l)arium hydroxide, and the use of other salts 
in place of barium hydroxide increases the risk of eontaininat ing the })recipitate. 
G. Kassner made the monoliydraled iodate l^y treating potassium ferricyanide 
with potassium iodide and barium liydroxide in dilute }>otasli lye : 12K3FeCyo 
+2KI+l()K0TI+Ra(0H)o-r Ba(I().j).,"j 12K.,Fo(!y^j+61T20. Monohydrated barium 
iodate forms monoclinic crystals with the axial ratios <'?:?>: c lTfil : 1 : l’ 26 r) ; 

22 '. 

The anhydrous iodates are made by dissolving the jnonohydrated iodate in 
fused sodium nitrate. Anhydrous calcium iodate, as indicated above, forms 
triclinie crystals of sj). gr. 4*591 with axial ratios a : I) : c---0 ()331 : 1 : 0*fil62 ; 

22'. Anhydrous strontium iodate forms triclinie crystals of sp. gr. u'O'to 
at 15^ The- axial ratios arc a : h : c 0*9697 : 1 : 0*5316 ; a 92" 23' ; j8-- 95" 48' ; 
and y=93° 37'. Anhydrous barium iodate forms monoclinic ( lystals of sj). gr. 4*998 at 
15^ — F. W. Clarke giv’es 5*1853 to 5*2855 and the axial ratios are a : h : c 1 0833 ; 
1 : 1*2403 : j3- 94" 6'. Monohydrated barium iodate loses its water of erystallization 
at 130^' according to N, A. E. Milloti, ])et\vee.n 180" and 2t)0' according to A. Ditie, 
and on furtluT calcination, it loses itaJiTje and oxygen, forming barium ]>eriodate. 

The solubility of calcium iodate in water lias lieen ileterniined by L. Gay 
Lussac, and by C. F. Ranunelsberg. The solubility of inonoliydrated ealcinni 
iodate calculated as anhydrous Ga(K)3)2 in the sat. soln. of C'a(lU3)2.}T2f->, ia : 


Ter cent. . 

21" 

0*37 

()’4S 

10' 

0*o2 

ir. 

nr>4 

.">0’ 

o-rai 

60 ° 

0’05 

80 ° 

0*70 

100° 
0 94 

and of liexahydratcd 

calcium 

iodate. 

. Ca(l(>3) 

2.611.0 





Per cent. Crt(10.32 • 

n ' 

0‘J0 

10" 

0*17 

ns* 

0*25 

:or 

0*42 

10 

O'Ol 

r>o" 

0*80 

.^)4’ 

1*04 

60 ° 

J *36 


The two (turves cross at about 32"^, and this temj). iJicTefore represents the transition 
point of the mono- and hexa-hyd rated iodates. (^alctiinn lodjite is but v<'ry sparingly 
soluble in cone, sulphuric acid ; and much more (‘asily solubh*. in nitric acid than in 
water. Soln. in hydrochloric acid soon decomj>o8c. It is slightly soliilde in cone. 
soln. of ))otassium iodide. Calcium iodate is jirecipitatcd when alcohol is added to 
the aq. soln. E. Koristadt claims that a little calcium iodatet is present in sea water. 
According to J. L. Gay Lussac, KX) gnus, of water at 15" dissolve 0*23 grins, 
of hexahydrated strontium iodate, and at KXj", 0*73 gnus. C. F. Rammclsberg's 
values are about 25 per cent, higher. The solubility of barium iodate has been 
determined by J. L. Gay Lussac, C. F. Rammelsberg, P. Kremers, and by M. Trautz 
and A. Anschutz. The last give for the cryohydric or eutectic temp, —0 046° 
±0*002°, and with monohydrated barium iodate as solid ])hase : 

-“0*040'’ in'* 20“ 40^ 60° S0° 00“'° 

Per cent. Ba (10,)!, 0 008 0 014 0022 0 041 0 074 O il.*; 0197 
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W. D. Harkins and W. J, Wirininghoff have measured the effect of various salts on 
the solubility of barium iodate. The b.p. of the sat. soln. at 735 mm. is 99 2''. 
The soln. in cold hydrochloric acid decomposes. Barium iodate is slightly soluble 
in warm nitric acid, and, according to W. Eidmann, insoluble in acetone. 

The chlorates of beryllium, magnesium, zinc, and cadmium. — A. Atterberg 
did not succeed in making beryllium chlorate except in soln., since the liquid decom- 
jposed on evaporation. JI. Traubc measured the mol. soln. vol. of beryllium chlorak*, 
and found that soln. with 1949, 2*560, and 3*310 per cent, of Bo(Cl03)2 have the 
respective sp. gr. ] *01101, 1*01493, and 1*01947 at 15'^; and the respective soln. vol. 
69*9, 69*3, and 70*2. By evajmrating an aq. soln. of magnesium chlorate — from 
potassiqm chlorate and magnesium fluosilicate ( J . J. Berzelius) ; or barium chlorate 
and magnesium sulphate (A. Wiichter) — over sulphuric acid, A. Wachter obtained 
crystals of hexahydrated magnesium chlorate, Mg(C1()3)2.6H20, which A. Meusser 
says melt at 35^^, and A. Wachter at iif. The crystals deconijiose into water, 
oxygen, chlorine, and a residual magnesium oxide, at 120'^’, and if slowly heated, 
some magnesium chloride as well. The crystals dissolve with diiliciilty in alcohol, 
and, according to W. Eidmann, they are soluble in acetone. At 35'', the hexa- 
hydrated (dilorate ])asscs into tetrahydrated magnesium chlorate, iIg(C103)2.4H20, 
crystallizing in hygroscopic rliombohedra. At 65'^, tlie hexa- or tetra-hydrate 
fonns dihydrated magnesium chlorate, ]\lg(C10.3)2-2H20, and ihc product can be 
dried at 70'' on a porous tile over sulphuric acid; at 80"^, the dihydrate slowly 
d(;eom2')o>ses, forming a basic salt, and hence anhydrous magnesium chlorate has 
not been jne^iared. A. M(3Usser giv'es the solubilities at difTcront temp. ; 

0’ 18" xr r*5'r» ns-’ ra 

Per cent. MK(<;lOa)a . 51*64 53*27 56*50 63*65 69*12 70*69 73*71 

Solid phase . . . .^^(CJOaj.OHaO Mg(rib3)2.^20"" 

At -12'' ice is tiie solid 2)liase when the soln. has 26*35 })er cent, of Mg(Cl03)2 ; 
and at —8'', 22*21 ])er cent. According to F. Mylius and R. Funk, the sat. soln. 
at —18'' has 128*6 gnus. Mg(Cl0;j)2 gnus, of water, or 56*3 per ccnt.Mg(C103)2; 

and tins soln. has a sp. gr. 1*594. 

Zinc chlorate, Zii(Ci()3)2, was formed by L. N. Vauquelin in 1815 by the 
action of chloric acid on z'mo carbonate ; by (). Henry, by the action of zinc fliio- 
silicaie on potassium chlorate ; and by A. Wachter by tlie action of barium chlorate 
on zinc sulphate. Tlie a(i. soln. furnishes monoclinic crystals of hexahydrat6d 
zinc chlorate, Zn(('l()3)2.6l[20, which melt at 6(V'', and decompose into water, 
chlorine, and oxygen at liigli temp, Tliese crystals pass into tetrahydrated ziuc 
chlorate, Zn((3()3).4H20, at 14*5'^ to 15*^, which melts at ; after standing some 
days at 65 \ A. -Meusser found that tetrahydrated zinc chlorate passes into dihydrated 
zinc chlorate, Zn((.l03)2.2H20. The Sj). gr. of tin', soln. of tetrahydrated zinc 
chlorate at 18" is 1*916. The solubility })er KK) gnus, of soln, is : 

IS" O’ S’ i:» :io' Mr r>r>'’ 

Per cent. Zn(C’l(.>.,)3 .55*()2 59*19 60*20 67*32 66*52 76*Cti 66*06 75*44 

Solid phase . . Zii(C103)3.6H30 Zn(Cl03)2.4H .O Zn{C103)2.2H80 

When the solid phase is ice at —13", the soln. lias 30*27 })er cent, of Zn(C103)2, 
and at - -9", 26*54 per cent. F. Ephraim and A. Jahnsen have prepared the ammoni- 
ates, zinc tetrammino-chlorate, Zn(C103)2.4Nn3, in colourless crystals of sp. gr. 1*84, 
mol. vol. 163*2, with the dissociation press. 16 mm. at 114"; 32 mm. at 140"; 
50 mm. at 165" ; and 88 mm. at 177". A. Jahnsen's valiu' for the heat of forma- 
tion is 17*5 Cals. It explodes at 205" in an open tube and at 289" in a closed 
tube; it also detonates when struck wdth a hammer. On exposing the pow^der 
to air for about five days, it loses one-fourth of the combined ammonia, and the lost 
animonia is readily replaced by w^ater, forming zinc fiquo-triammino-chlorate. 
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Zn(0103)2.H20.3NH3.«^ ZSnc h«cammip<Mdilorate, Zn(C10s)2.6NH3, has a dissocia- 
tion press, of 225 mm. at ~-15° ; 270 mm. at — 10° ; 388 mm. at —2° ; 427 
mm. at 0° ; 550 mm. at 6° ; 690 mm. at 10° ; and 747 mm. at 11°. The heat 
of formation is 9 8 Cals. 

In 1843, A. Waohter made deliquescent prismatic crystals of dihydzated 
imdminm cMocate, Cd(C103)2.2H20, which melted at 80°, gave off water, oxygen, 
and chlorine, and left a residual oxychloride. A. Meusser says that the solid 
phase between —-20° and 65° is dihydrated cadmium chlorate, and that sat.'aq, 
soln. at —20° have 72’18 per cent, of Cd(C103)2 ; at 0°, 74‘96 per cent. ; at 18°, has. 
’ 76’36 per cent. ; at 49°, 34 '82 per cent. ; and at 65°, 82‘95 per cent, of Cd(C103)2. 
F. Mylius and R. Funk find that the sat. soln. at 18° has a sp. gr. of 2 ’284. F. Ephraim 
and A. Jahnsen obtained colourless crystals of cadmitim hexammino-^orate, 
Cd(C103)2.6NH3, of sp. gr. 1'78, and dissociation press. 89 mm. at 69°, 241 mm. at 
94°, 530 mm. at 116'5°, and 772 mm. at 122°. It explodes in an open tube at 184°, 
and in a dosed tube at .3(X)°. It also detonates by percussion. Cadmium 
tetrammino-chlorate, Cd(C103)2.4NH.<), has a dissociation press, of 117 mm. at 
116'5°, and 335 mm. at 1.36°. The heat of formation of the hcxammino-salt is 
14‘1 Cals., and of the tetraminino-salt, 1,5‘4 Cals. 

The bromates of beryllium, magnesium, zinc, and cadmium.- ~J. C. G. de 
Marignac (1 873)109 tried to mak** Iteryllium bromate, but obtained nothing better than 
indefinite sticky masses. (I. Lowig^o made a soln. of magnesium bromate by dissolv- 
ing the oxide or carbonate in bromic acid ; and J. Sarghel by the electrolysis of a soln. 
of magnesium bromide. Thccrystalsof hexahydrated zinc bromate, ZnfBrOsla. 61120, 
said C. F. Rammelslierg, are regular octabedra ; and, according to M. Trautz 
and P. Schorigin, show triboluminescence. The crystals effloresce in air, and melt 
in their own water of crystallization, which is lost at about 2(X)°, and at a little 
higher temp., oxygen and bromine are given off and a residue of magnesium oxide 
remains. According to 0. F. Rammelsberg, ](X) grins, of cold water dissolve 
0'714 grms. of the. salt. C. F. Rammelsberg made similar crystals of what 
he regarded as trihydrated zinc diammino-bromate, Zii(Br0g)2.2NlJ3..3n90, or 
rather as NZn2.Br0;5..3NH4Br03.6l-l.20 ; and F. Ephraim and A. Jahnsen“mado 
colourless crystals of zinc tetramino-bromate, Zn(Br03)2.4NJl3, which explodes in 
an open tube at 169°, and in a closed tube at 1-59° ; it also deton.ate.s by percussion. 
The sp. gr. of the salt is 2*27 ; its mol. vol. 171*5 ; and its heat of formation 16*1 
Cals. C. F. Rammelsberg made monoclinie, crystals of monohydrated ondiwintn 
bromate, Cd(Br03)2.H20, with the axial ratios a : h : c— 1*095 : 1 : 0'72!)8, ;8— 103° 28'. 
The solubility in 100 grms. of water is 125 grins. Jl. Tojisoe has aho described 
rhombic crystals of dihydrated cadmium bromate, Cd(Brf)3)o.2H20, of sp gr 
3-758, and axial ratios a : fe : c=^l : 0-98845 ; 0-7392. C. F. Rammksberg also 
prepared what he regarded as mdniium trimnniivo-hrotnule, CdfBrOfl)^ 3NH 
but which is probably the cadmium tetrammino-bromate, Cd(Br03).4NH3 of 
F. Ephraim and A. Jahnsen, which exploded in open tubes at 192°, and in closed 
tubes at 193° ; it also detonates by percussion. Its sp. gr. is 2 53 mol vol 172-4 
and its heat of formation 16-9 (’als. > • . , 


lodates of beryllium, magnesium, zinc, and cadmium. J. C. (i de Mari*/nac 
succeeded only in making indefinite sticky masses when he attempted to prepare 
beryUmm lodale.. N. A. E. Millon "2 made a soln. of the salt in 184.3 and when 
evaporated at 40°-^°, it furni-sUes monoclinie prisms of tetrahydrated magnesium 
lOdate, Zn(I03)2.4Il20, with a sp. gr., according to P. W. Clarke, of .-p;} at 13 5° • 
and, according to ,1. C. G. de Marignac, axial ratios h : c=^l -249 • 1 • 1-268 • 
^=100°. 40'. The crystals lose most of their water at about 1.50°, and almost all 
at 180°. Magnesium oxide remains when the iodato is heated in air The 'soln 
in dil. sulphuric acid gives a mixture of crystals of iodic acid and' magnesium 
sdphatc When a ^t. soln. of the lodatc is cooled to 0°, efflorescent rhombic 
plates of deca^rat^ I^esmm lodate, Mg(I03)2.10U2(), are formed. These 
erystab melt at about 50 to a clear liquid. The dihydrate is virtually insoluble 
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in water, and the tetrahydrate and decahydrate, according to A. Ditte, have the 

solubilities : 

0® 20° 80° 60° 0 ° 20° 63° WX)'’ 

Per cent. Mg(IOa)8 . 3*1 10*2 17*4 67*6 6*8 7*^ 1 2*6 19*3 

Solid phase . . Mg(I0a)8.4H80 

The transition point of the tetra- and deca-hydrated iodate is 13®. The sat. soln. 
at 18® has a sp. gr. 1*078, and contains 6*44 per cent, of salt. Zinc iodate was 
made by A. Connell in 1831, and by C. F. Rammelsberg and F. Mylius and R. Funk 
as a crystalline powder, dihy^ated zinc iodate, Zn(I03)2-2H20, by the evaporation 
of aq. soln. The hydrate, according to A. Jahnsen, loses its water at 200®, and it 
has then a yellowish-brown colour, but no free iodine can be detected in the 
product. The sp. gr. of the anhydrous iodate is 4*98, and mol, vol. 83*4. When 
zinc iodate is heated to a higher temp., it gives off oxygen and iodine, some zinc 
iodide sublimes, and zinc oxide remains as a residue. The solubility of tbe hydrate 
in 100 grms. of water is 0*9 at 15®, and 0*13 at 100®. According to F. Mylius and 
R. Funk, there is an easily soluble modification. C. F, Rammelsberg also pre- 
pared an ammino-derivative, 3Zn(103)2.8NH3 ; and A. Ditte and F. Ephraim and 
A. Jahnsen, zinc tetrammino-iodate, Zn(I03).4NH3, in white needles, sp. gr. 2*82, 
mol. vol. 171*4, and dissociation press. 44 mm. at 77®; 141 mm. at 106*5®; 
356 mm. at 130®. The heat of formation is 15 Cals. The mol. vol. of each NH3 
in the complex is 22. The compound does not explode in an open tube, but in a 
closed tube it explodes between 210® and 219®. A higher ammino-salt has not 
been made. A. Ditte (1890) and 0. F. Rammelsberg (1842) obtained crystals of 
monohydrated cadmium iodate, Cd(103)2.H20. It is easily soluble in water, nitric 
acid, and ammonia. According to A. Jahnsen, the hydrate loses its w’^ater, forming 
the anhydrous salt at 160®, the product is pale brown, but no free iodine can be 
detected; its sp. gr. is 6*43, and mol. vol. 71*3. A. Ditte and 0. P. Rammelsberg 
obtained evidence of the formation of an ammoniate, and F. Ephraim and 
A. Jahnsen made cadmium tetrammino-iodate, Cd(I03)2.4NH3, of sp.gr. 3*23, mol. 
vol. 164*2, and dissociation press. 381 mm. at 91°, 486 mm. at 101®, and 709 mm. 
at . 110®. It explodes like the corresponding zinc compound. The heat of 
formation is 13*7 Cals. The mol. vol. of each NlTj in the comijlex is 17*1. 

Mercury chlorates, bromates, and iodates. — L. N. Vauquelini^4 prepared 
mercurous chlorate, HgClOs, by the action of chloric acid on mercurous oxide ; 
and A. Wachter (1843) and I. Traube (1895) made the same salt in an analogous 
manner. The crystals arc white or greenish- white ; those obtained by the evapora- 
tion of the soln. at 8()® are white rhombic prisms. According to I. Traube, a 
0*994 per cent. soln. at 15® has a sp. gr. r(X)802, and the salt has a molecular soln. 
volume of 36*9 ; and the 2*791 per cent, soln. a sp. gr. 1*02412, and molecular 
soln. volume of 36*1 ; the molecular depression of the f.p. of a 1016 per cent, soln, 
is 34*5. The salt is soluble in water, alcohol, and acetic acid ; hydrochloric acid 
precipitates the mercury quantitatively as mercurous chloride. It detonates when 
heated to about 250®, giving oxygen and a mixture of mercuric oxide and chloride. 
L. N. Vauquelin also obtained crystals of a basic mercuric chlorate, 2HgO.CI2O5.H2O, 
that is, Hg(C103)2.Hg(0H)2, or Hg(C103)0H, by dissolving mercuric oxide in chloric 
acid, and subsequent evaporation of the soln. If the soln, be evaporated over 
sulphuric acid, bipyramidal rhombic crystals with the axial ratios a : b : c 
=0*7974 : 1 : 0*64595 are obtained isomorphous witl^ the corresponding bromate. 
The sp. gr. is 5*15 (H. Topsoe) and 4*998 (H. G. F. Schroder). The ciy-stala deli- 
quesce in air, and redden litmus ; they decompose in contact with water, with the 
separation of mercuric oxide and an acid salt ; when triturated with sodium chloride, 
red mercuric oxychloride is formed. Cone, sulphuric acid produces flashes of light. 
When heated, this salt decomposes into mercury, mercurous and mercuric chlorides, 
and oxygen. According to J. D. Riedel, unlike one per cent. soln. of mercuric 
chloride, 1 to 2 per cent. soln. of this salt give no precipitate with soln. of white of 
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egg, or blood aerum. A mixture of this salt with tannin albuminate is sold as 
mergal and used in syphilitic diseases. 

C. Lowig 117 and C. F. ^ainmelsberg prepared mercurous bromate, HgBrOp, 
as a yellowish -white powder, by treating a soln. of mercurous nitrate with bromic 
acid or potassium broniate. It crystallizes from an excess of acid in thin ])lates. 
When treated with hot water, mercurous bromate becomes citron yellow and forms 
basic mercurous bromate, 2 JIg 20 .Br 205 , that is, Iig 20 . 2 HgBr 03 ; the acid liquid 
gives on evaporation needle-like crystals of mercuric bromate, Hg(Br 03 )o. Mercurous 
bromate is not very soluble in nitric^ acid ; and with hydrochloric acid it forms 
mercuric chloride. The basic salt is also formed as a by-product in the preparatioji 
of hypobromous acid from bromine water and mercuric bromide. Basic mercurous 
bromate becomes grey when ex]) 0 .sed to light ; it is transformed to normal 
mercurous bromate Avhen treated with a little nitric acid, and it dissolves when 
treated wdth more acid. 

C. Lowig obtained mercuric bromate by the aetiorx of bromine water on 
mercuric oxide, and after evaporation to dryness extracting the mercuric bromide 
wdth alcohol. If a neutral soln. of mercuric nitrate, as hot as possilde, be treated 
with potassium bromate, crystals of basic mercuric bromate, 2HgO, BfoOs-HaO — ■ 
that is, Hg(Br 03 ) 2 . 11 g(()H) 2 i Hg(Br 03 )()H~-arc formed, provided the liquid does 
not contain too much free nitric acid ; if it does, a double salt with mercuric nitrate 
is formed. Again, according to 11. 1’opsoe, if two mol. of [)recipitated jnercuric 
oxide be digested for some hours wath three mol. of bromic acid, and the liquid 
be poured from the undissolved oxide bipyramidal rhomluc |)Iates of basic mercuric 
bromate with axial ratios— a : 6 : c : I : 0*6278. The? sp. gr. is 5*815. 
The crystals are soluble nidil. acids, and slowly clecomposed by cold w’ater, forming 
a more basic yellow^ product ; tlioy are completely deconi])osed 1>y boiling water, 
and the acid or normal salt passes info soln. 0. F. Kainni(*lsl)erg obtained dihy- 
drated mercuric bromate, Hg(Br() 3 ) 2 . 2 H 2 (>, as a white ]) 0 \v<ler ])y evaporating the 
acid liquid obtained by treating yellow mercuric oxide with bromic acid: it is 
obtained in small crystals l)y cooling the boiling aq. soln. The solubility of the salt 
in 100 grjns. of w^ater is 0*151 grin, in cold water, and I '56 grms. in boiling w^atoT. 
It decomposes when heated to 130 or 110'', It is deeoni])OS(Ml by liydrochloric 
acid ; soln. of alkali iodides turn the salt brown without dissolution. It is soluble 
in nitric acid. 

In 1815, L. N. \5iuquelin precipitated mercurous iodate, HgI 03 , from a soln. 
of mercurous nitrate ]>y the ad<lition of io<lic acid or alkjili iodate. The precipita- 
tion does not occur if too much free acid is present,. A. Ditte noted the formation 
of a mixture of mercurous iodide and iodab* durir)g the action of a<[. iodic acid on 
mercury, an action which [U’oceeds slowly at ordinary temp,, but rapidly if heated. 
Mercurous iodate volatilizes at 250°, forming mercuric iodide, mercury, and oxygen. 
Mercurous iodate is s])armgly soluble in water ; 1>oiling water <k)es wot act on tlie 
salt ; it is soluldo in iodic, acid ; cold nitrie, acid has no action ; hot nitric acid 
gives red vapours. a,nd furr)»s mercuric iodate, irg(I 03 )o ; and hydrochloric acid 
forms menuiric chloride. 

C. F. Rammelsberg ^ made mercuric iodate, Hg(J 03 ), by treating fr(‘shly ]>re- 
(‘.ipitated mercuric oxide w ith an exee.ss of warm iodic acid : red imucuric oxide is 
scarcely alfectod ])y this treatimmt. A. Pleisclil, and V. h\ Rammelsberg, saicl that 
iodic ackl and the alkali iodates give no pr(M-.i])itate with mercuric salts, but 
N. A. E. Milloii, and A. (Janieron state this apj)lies only to mercuric chloride, not 
mercuric nitrate, acetate, ur oxycyanide, for soln. of tliese salts furnishes a precipitate 
of qjercuric iodate under these conditioTis : HgO.llgfJy^-] 2 HI 03 -^=HgCy 2 -l'H *>0 
-kHg(^G 3 ) 2 « N. A. E. Millon also made the same? salt by heating a mixture of 
mercuric chloride and iodic acid in a metal bath until iodilie chloride begins to be 
evolved. The residue is wa.shed with water ami alcohol. According to K. Kraut, 
when mercuric iodide is boiled with nitric acid of sp. gr. 1*5, mercuric iodate is 
formed ; with an acid of sp. gr. 1*L the product is contaminated with a little 
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nitrate ; with an acid of sp. gr. V3 micaceous crystals of Hgl2.ng{H03)2 are formed ; 
and with an acid of sp. gr. 1*2, a mixture of unaltered iodide and the double com- 
pound is fornuMl. C. A. (■anieron obtained no reaction b}" heating a mixture of 
]jota.H.siurn chlorate, mercuric iodide, and water in a sealed tube at 170°, but at 
200"", f)otassiuni iodide and mercuric chloride was formed. Heat converts mercuric 
iodatc to iodide with t he evolution of oxygen. Mercuric iodate is soluble in hydro- 
chloric, hydrobromic, or hydriodic acid with decomposition ; it dissolves in soln. 
of the allaili chlorides, bromides, or iodides — in the cold, one mol. of the iodatc 
dissolves in the presence of four mol. of alkali iodide, and with a boiling soln., in 
two mol. It is also soluble in soln. of alkali cyanides and thiosulphates and in dil. 
soln. of zinc or manganous chloride. During evaporation of soln. in potassium 
chloride, ammonium chloride, or sodium iodide, alkali iodate first separates, then 
follows the mercuric halide with a number of crystalline double salts or mixed 
crystals. Mercuric iodate not soluble in soln. of ammonia ; alkali, hydroxides, 
iodates, chlorates, bromates, or sulphites ; in mercuric chloride ; sodium phosphate ; 
borax ; acetic, hydrofluoric, or hydrofluosilicic acid. 

The halogenates of aluminium, scandium, thallium, and the rare earths. — . 
J. J. Rcrzeljiis obtained what appeared to be aluminium chlorate by treating 
aluminium fliK^silicate with a liot cone. soln. of potassium chlorate ; and E. Schlum- 
bergeri-^ obtained a soln. of the chlorate mixed with alum by treating potassium 
chlorate with aluminium sulphate. D. K. Dobroserdolf found that when the soln. 
prepared by the interaction of barium chlorate and alaniinium siil[)hate is evaporated 
over sulphuric a cad, it deposits hygroscoj)ic crystals of enneahydrated aluminium 
chlorate, Al(('10;3)2.iiir20, from cokl soln., and of hexahydrated aluminium chlorate, 
Al((103)o.fllJ20, from hot soln. The anhydrous salt has not been obtained on 
account of its ready decom])Osibility. The salt explodes at 100 ° if slowly heated 
owing to the evolution of chlorine dioxide ; if rapidly heated there is no explosion 
and chloruie is ovo1v<m1, and a basic perchlorate remains. (J. F. Rammelsberg 
( 1812 )*^^ att<'mpted to make aluminium bromate by evaporating a soln. of aluminium 
iiyflroxidc in bromic acid, but obtained only a stif‘ky jnass. D. K. Dobroserdoff 
])r(‘parcfl enneahydrated aluminium bromate, A^BrC^ds-OH^O, as in the case of 
t he coTTcspo 7 ifling chlorate, '^thc crystals melt at 62*3°, and cannot bo dehydrated 
without decomposition. At 100°, a red, hygroscopic mass is formed, probably a 
mixture of bromate, perbroinate, and oxide. Aluminium iodate has not been 
examined. A. Ditie noted tluit a cone. soln. of iodic acid slowly dissolves the metal. 

\V. (Vookes ^22 found that when an a<|. soln. of chloric acid is sat. with scandium 
hydroxide, a clear colourless soln. of scandium chlorate is formed, which is decoiu- 
])osed when evaporated on the water-bath, and chlorine is evolved. Ncedle-Iikc 
crystals — probably perchlorate — separate when the mother liquid cools, and a 
gummy mass remains which, after standing some time, gives another crop of needle- 
like crystals. A\ lion a soln. of scandium hydroxide in bromic acid is evaporated 
the scandium bromate dccom]>oses, and an ainor])hous gummy mass remains. 
W. Crookes ]nepnred octodeca-hydrated scandium iodate, Sc(I03)3.18H20, by 
treating a soluble scandium salt with ammonium iodate. The white crj^stalline 
powder is almost insoluble in water but soluble in nitric acid. When kept for some 
time in a desiccator it forms pentadeca-hydrated scandium iodate, 8cf 103)3. IblloO J 
when dj’ied for several hours in vacuo over sulphuric acid, it forms trideca<« 
hydrated scandium iodate, Sc(l( >3)3,1 3H2O ; when heated for some hours at 1(30°, it 
forms decahydrated scandium iodate, »Sc(l()3)3.10IL() ; and when heated to almut 
2r)()"’, it, loses all its water of crystallization, forming anhydrous scandium iodate, 
SC(103)3. 

'ri)c rare cartlis furnish soliilde chlorates and bromates, and sparingly soluble 
iodatos '^I'he chlorates aiid bromates of the rare earths were prepared by 
(h F. Rammels)>erg and J. (k G, de IMarignac by covering barium bromate with 
water on a water-baili, and gradually adding with constant stirring the neutral rare 
earth sulphate, 1'he l)arinm sulphate is removed bv filtration, and the bromate 
VOL. IX. ‘ 2 A 
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crvBtaUizod from the soln. The iodates are likewise pre^red by double decom- 
pwition. Erbium and yttrium fom respectiyely^^t^^ 


EtlClOgis.&HgO, and octohydrated yttrium chlorate, Yt(Cl 03 ) 3 . 8 H 20 . The latter 
made bv P. T, Cleve ^23 and 0. Popp, and forms deliquescent white noedle-hke 

enneahydrated erbium bromate. 


was 
crystals. 



in ether, and readily soluble ill alcohol. According 
this salt melts at ■74^ and UK) parts of water at 25 dissolve 128 parts of |he 
salt. At 100°, trihydrated yttrium bromate, YtfBrOala.SHgO, is formed. 
Ytterbium bromate has also been made. Enneahydrated lanth^um bromate, 

La(Br();,);j.9fl20, was described by C. F. Raininclsberg, J. 0.0. de Marignac, 
and R/irernmnn. Tt forms hexagonal prisms, which, according to t, James 
and AV. T. Laiigelier. melt at 37*5^, and 4 lb parts of the hydrated salt dissolve 
in l(j() iiarts of water at 25''. When dried at KX)"", tliis salt forms 
lanthanum bromate, LalRrOsla ^IlsO ; the anhydrous salt is formed ah 150 ; 
and at hi^dier temp., the salt decomposes. J. C. 0. dc Marignac prepared enneflk 
hydrated didymium bromate, l)i(BrOa)3.9lL>0, in rosc-red hexagonal prisms with 
the axial ratio a : c—l ; 0*5731, and. according to A. des Cloizeaux, with negative 
double reiractioii. According to ('. tianies and AV. T. Langclier, green hexagonal 
jirisms of enneahydrated praseodymium bromate, rr(BrO;03-9ll2O, melt about 5G*5 , 
and KX) parts of water dissolve UK) parts of the hydrated salt at 25° ; it forms 
dihydrated praseodymium bromate, lh(Br03)3.2H20. at 100" ; it bcconies 
anhydrous at ]3()': and decomposes at 150". Fink hexagonal prisms ^of 
enneahydrated neodymium bromate, Nd{Br()3)3.9H20, m(4t at about 66*7°, 
and 1(K) parts of water at 25^ dissolve 110 ])arts of the hydrated salt ; it forms 
dihydrated neodymium bromate, Nd(Br03)3.2llo(), at RXr ; it becomes anhydrous 
at 150°: and decomposes at higher tcni]). ; yellow Jiexagonal prisms of ennea- 
hydrated samarium bromate, Sni(Br03)3.9H20, malts at 75°, and loo parts of 
water at 25° dissolve 114 parts of the hydrated salt. This salt forms dihydrated 
samarium bromate, Sm(Br03)3. 21120, at the anhydrous salt at .150°; and 

it decomposes at higher tem|i.' Enneahydrated cerium bromate, (:e(Br( >3)3.911 ^0, 
is crA'stallized from iu[. soln. by concentration in vacuo at 35 and then cooling, 
'rho salt melts at 49°. and decoin])oses at a rather higher temp. Pale yellow 
hexagonal needles ol enneahydrated dysprosium bromate, 11) (BrOsla-fRlgO, melting 
at 78°, w'ere ])re|»iired hy (1. .lantsch and A. Old ; when healed for some time at 
110°, trihydrated dysprosium bromate, I>y(Br()3)3.3ir20, is formed. Pale bluish- 
green hexagonal ])risms of enneahydrat^ thulium bromate, Tm(llr03)3.9H20, 
have also been made. All these .salts, M(BrO3)3.9H.>0, crystallize in hexagonal 
prisms, and they are all converted into tetra hydra led salts at 100° ; and with the 
tixceptioii^of praseodymium Ijronuite, are converted into the anhydrous at 130°— 
praseodymium bromate decomposes at 130". The order of increasing solubility 
of the bromates is : samarium (europiuni, gadolinium), terbium, dysi>ro8ium, 
holminm, yttrium, erbium, ihuliiim, and ytterbium. C. James utilizes this property 
for the fractional separation of some of tliese <4eme7its. 

(Jerous iodates and the iodates of the otlier rare earths form crystalline salts 
sparingly sfiluble in water, but readily soluble in cone, nitric acid, and in this respect 
differ froiri the ceric, zinonimn, and thorium iodates, wddcli are almost insoluble in 
nitric acid when an ex<*ess of a soluble iodate is present, ft may also ])e noted tliat 
cerium alone of all the ran^ earth elements is oxidized to a higher valence by potas- 
sium bromate in nitric acid soln. The iodates of the rare earths are precipitated 
by adding an alkali iodate to the rare earth salts, and the fact that the rare ea.rth 
iodates are soluble in nitric acid, and the solubility increases as the electro- positive 
character of the element increases, while thorium iodate is in8olul)le in nitric acid, 
allows the meiliod to ])e used for the separation of these elements. Trihydrated 
erbium iodate, Er(l 03)3.31120, and trihydrated yttrium iodate, ¥1(103)3.31130, 
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were made by P. T, Cleve as pulverulent precipitates by adding iodic acid to salts 
of the respective elements. 1(X) grms. of water dissolve 0*53 grms. of yttrium 
iodate; when heated, this salt decomposes explosively. A. Cleve preeijntated 
hexahydra^ ytterbium iodate, Y 5(103)3.61120, as a snow-white powder on 
adding iodic acid to ytterbium acetate. It forms ytterbium dihydrated iodate, 
Yb(I03)3.3H20, when dried at KK)*^. P. T. (levo, and R. Hermann described 
trihydrated lauthanum iodate, La(K>3)3.3H20— M. Holzmann regards it as 
2La(I03)3.3H20 — as a white crystalline precipitate but sparingly soluble in cold 
w%ter, and whicli crystallizes in plates on cooling its soln. in boiling water. Accord- 
ing to E. Rimbach and A. Schubert, a litre of soln. sat. at 25® contains 1*87 grms. 
of the anhydrous iodate. P. T. Cleve prepared hexahydrated samarium i<^ate, 
Sm(I03)3.6H20, as a gelatinous f>recipitate which becomes anhydrous at KMJ®. 
The chlorates, bromates, and iodates of gallium and indium liave not ]>een closely 
examined. 

F. 0. Mathers and ('. (I. 8chluderberg 124 [prepared indium iodate, In(I03)3, 
> by minting soln. of indium tricliloride and potassium iodate. The precipitate is 
amorphous. The mixture was eva])orated to dryness on a water-bath ; the residue 
extracted on a Gooch’s crucible with warm water ; and dru*d in vacuo over sulphuric 
acid. The mass was dissolved in boiling nitric acid (1 : 10), and on evaporation 
white crystals of indium iodate wore formed. 1(X) grms. of water at 20® dissolve 
0*067 grm., and 100 grms. of nitric acid (1 : 5) at 80® dissolve 0 67 grm. of the 
salt, it also dissolves in dil. sulpliuric or hydrochloric acid. The sola, in the last- 
named acid decomposes with the liberation of clilorine. The cr)^stals decom])ose 
wdth the evolution of iodine when heatc'd by a free flame ; and exjflodc if touched 
with a red-hot iron wire. 

Thallous chlorate, TICIO3, is formed by dissolving the metal in chloric acid ; 
or by mixing soln. of potassium chlorate and thallous nitrate, or, as recommended 
by J. Muir, by mixing soln. of barium chlorate and thallous sulphate. 126 needle- 
like crystals, says J, W. Itctgers, are isomorphous with })otassiiim chlorate — 
isodimorphous, according to H. VV. B. Roozeboom. The sp. gr. is 5*5047 at 9"^. 
Like potassium chlorate, it is s}>arii)gly soluble in cold water but readily soluble in 
hot water ; according to J. Muir, 100 gnus, of water dissolve : 

\{)'y l:VH' 18 'jV 30'9'’ 47 6" 56*0® 81 *5^ 

KCIO3 . . 2-83 2-99 3-71 5 04 6*25 10’56 10*52 32*79 grms. 

These values arc covered by .J. Muir’s formula, aS' -I 09 bt) 054 1 5^+0 ’001 39^2 
+()*OOtK)360‘^. x\coording to E. Franke, the e([. conductivity when v denotes the 
number of litres of water containing a mol. of the salt is 123’() when c-~32 ; 132*1 
when 256 ; and 135*4 when 1(^24. When heated, thallic ])crc]doratc is 
formed. Thallous bromate, TlBr()3. was made by P. 8. Oettinger (1864),*?o and by 
A. Ditte (1890), and hot soln. furnish on cooling small, white, needle-like crystals 
which are readily soluble in dil. acids. According to W. Bottger, a litre of water 
dissolves ()‘(X)9948 mol. at 19 94'' — i,c. 0*3463 grms. per 1(10 c.c.-- and 0*02216 at 
39*75® ; the degree of ionization is l)etween 89 and 90*2. The ecp conductivitv at 
a dilution, r— 128, is 122*9 ; heated in a dry tube, it decomposes with a feeble deto- 
nation, forming thallous oxide ; at K.K)®, it is reddened, then blackened, and becomes 
insoluble in water. Thallous iodate, TllO^, was prepared hy P. 8. Oettinger 12? in 
1864 in ncedle-likc crystals, sparingly soluble in water, and slightly soluble in nitric 
acid. According to W. Bottger, 100 grms. of water at 19*95 ' dissolve 0*058 grm. 

' of TIIO3, or 0*00152 mol. per litre. The electrical ( onductivity for r — 512 is 111*5, 
and for ll2 (h According to A. Ditte, if the crj^stals separate from the 

soln. below 30°, they are hemihydrated thallous iodate, TII63. JII2O. Rw^nmels- 

berg also made a basic thallic iodate, Tl2O3.2i2O5.3H2O, by the action of iodic acid 
on thallic hydroxide. The greyish-brown crystals are decomposed by alkali lye; 
soluble in hot dil. sulphuric acid ; lose water at about 190°. 

The halogenates of tin and lead.— The chlorates of tin are ill-defined. According 
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to A. Waohtor,^2« freshly precipitated stannous hydroxide dissolves in chloric acid, 
torminj^ a soli\. of what is i)ossil)ly stannous chlorate, which, in a few minutes, deton- 
ates and leaves a residue containing free cliloriclicid, stannic h3^droxide, and stannic 
chloride. If slannons chloride l)e triturated with half its weight of potassium 
chlorate, the mass l)ec()nics hot, and chloriiio dioxide is evolved. When the j^ellow 
mass is extracted witli hot water, and the soln. allowed to cr3’'stallize, potassium 
chlorate is obtained. Metallic tin, according to W. S. Hendrixson, dissolves in 
chloric acid without the evohition of hydrogen, forming a soln. of stannic chlorate, 
A. Wiicht er obtained rbomhohedral deliquescent crystals of monohydrated 
lead chlorate, Pb(('U);02*H2(>, from liot soln. of chloric acid sat. with lead oxide. 
W. K. Lewis has shown that chloric acid can take up much more lead oxide than 
corresponds with the formation of the normal salt, and on boiling the soln., a 
sparingly soluble basic lead cblorate is precipitated. To pre])are the normal ehlorate 
the calculated quajitities of acid and oxide are evaporate<l 1o dryness, and the 
residue dissolves in very dil. cliloric acid. The salt is precipitated as rnonoliy'drated 
lead clilorate, Pi)((lU3)2. HoO, addition of alcoliol. According to J. C. G. 

do Marigna<*. the monoclinie prisms, with the axial ratios a :h:c l‘]I2G : 1 : 1T730 ; 

1\ are isomorphous with the corn-s])oudiug luirium salt. The salt 
decomposes when heated either gradually or at an explosive speed. W. If . Rodeau 
found that tlie slow <Ie(‘ouiposition between 100'’ and 2l\(f ])rogressed by two side 
reactions: rb((:iO;02 - i 30., and lM>((U)oU ri>()o+(1. l-20o ; the latter is 
seven times as fast as the fonmu*. If tim. chlorine in ih(' last-named reaction is 
not rapidiv removed from the s3’stem. it reacts with the lead dioxide : rbO^-bClg 
~ PM'lo-l G., 'J’he exph>si\'e n^ction wliich occurs Ln' (piickly licating the chlorate 
to 235'’ is ]trobahlv similar, except tliat an oxy<*hloride is formed in place of the 
dioxide. ^Mixtuics of ]<’ad ohlorat«‘ uitli oxidizing agents arc explosive. Ac(‘ording 
to K. Mylius and It. Funk, loO gnus, of water at dissolve I51*3 grms. of the 
salt, and at 2r)%‘r. 254 '7 grms. ; the sp. gr. of the sat. soln. are resj)cr‘tively 1 047 
and 2*316, .\ soln. of lea<I chlorate of sp. gr. 1164 with 10*13 grins, of Pb(C103)2 

]»er 100 grms. of water, at 25*3'^. dissolv(\s, according to W. K. L<^wis. 05*1 grins, of 
Na(’I();j, or 5 01 grms. of K(30.^ per 1(H) grms. of water. The sum of imlividua! 
solubilities with the potassium salt is 2()‘) grms. per lOf) grms. of water ; the ol>scrved 
result is 272 grms. Tliis is not sunicient to justify tlie assumption that ixny appreci- 
a])le amoimt of the double salt is [Uesent in tin* soln. W. K. L(‘wis found tlie 
]iotential of O'OIA^-, O'OoA^-, and ()*5iV-lead clilorate soln. with a lead electrode 
against a normal electrode tn la*. r«*spee.tively ()*1()3, — ()*15(), ami -0*431 volt at 
25''; the addition of the eep O-OoiV^sodium ])otassium chlorate giv(‘S a ])Otential 
respectively of — 0*161 and — 0 160 volt. 

V. llarnmelsbmg o])ta.ined monoclinie jirisms of monohydrated lead 
bromate, ri>(r>r()3)o.|].^(), with axial ratios r/. : h : c 1*1621 : I : 1*2002 ; fi~ 87” 32', 
and of sp. gr. 133 at 1518”, and isomor[)]K)us with monohydrated strontium 
liroiuate. The salt decomposes at 180^, forming lead dioxide and liroinide. and 
bromine ; at liigher teni|>. retl lead, ]>romim*, and lead bromide are formed. A 
sat. .soln. at 10*01” has 13*4 gnn.s. or 00280 mol. per lit-rc, and the soln. is 72 per cent, 
ionized. 1). Stnimliobu re()ort<*d the formation of basic lead bromate^ 
3PbO. Vl){Br( tAj-~lf-2G, by" the aetion of aminoiiium ]>romate on lead Iivdroxide ; 
he also reported an analogous basic lead iodate. Normal lead iodate,' Pb(K)3)2, 
was inade 1)}" V. k. Kammeisberg as a S[>aringlv solu])le |>n*eipitate 1)}^ adding an 
alkali iodate or iodie acid to a soln. of lead nitrate. According to W. D. Ifarkin.s 
and W. J. Winnijighotr, water at 25'' dissolves 0*00()n02 cip? or 0*0307 grin, of 
lead iodate per litre. V, Koldrauseli eale.iilate.s the following solubilities, in gram-cq. 
])('r litre, from the sjiej'irjc cundue.iivities : 


Specitio eoncluetivity >' lO*’* 
Suhil»ilil.y , : I O '* 


9*17'’ i7’i" IS" i;.")-;?' 

3*58 rj-a? r>90 9*u 

4*80 0*21 6*30 8*25 


Tiiffrc is y. tlooJ'onse in llie solnhilitv of a aat. roId. with time. 
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The halogenates of zirconium* cerium, and thorium. — M, W ( laiDiod 

to have obtained needle-like (crystals of hexahydrated zirconyl chlorate, 
ZrO(C103)2.0ll20, by the double decomposition of barium chlorate and zirroniuin 
sulphate, Zr(S04)2, ii^nd the evaporation of the sob), over ])Otassium hydroxide. 
F. P. Venable and \. W. Smithey prepared the salt by treating a soln. of zirconium 
perchlorate with potassium chlorate. When the soln. is cone, by eva])orat ion, 
crops of crystals of j)otassium perchlorate separate out, and finally the yellow 
syruj)y mother liquor, smelling of chlorine monoxide, furnishes crystals of zirconium 
chlorate which give on analysis ZrO(OJt)2.3ZrO((-l(.).d2- Tiie normal salt is not 
obtained because it is hydrolyzed. The salt is very dclicpicscent ; very soluble in 
water ; soluble in alcohol ; an<l insoluble in ether. The crystals had a yellow tinge 
and tJiey oxidized organic matter. The zircoiHfl hminate has not been investigated. 
What is probably zirconyl iodate is precipitated rjuantitatively from neutral or 
slightly acid soln. of a zinioniun) chloride ))y the addition of an ex(‘e.ss of alkali 
iodate or iodic acid. A white curdy precipitate forms i?umcdiately. it redissolves 
Oil stirring, but with further additions of the precipitant, tlie ]u*t*ei]>itate becomes 
permanent. It settles (juickly, and can be washed by decantation. (_i. A. Baibieri 
prepared CCric iodatC, De(I()3)4, by heating cerous nitrate* iorlic acid and eouc. 
nitric acid. The yellow crystalline solid is very sparingly solidile in boiling nitric 
acid, and is hydrated by water. Thorium, zirconium, and eeiic iodalcs are not 
very soluble in water, and almost insoluble in nitric* acid, provid(*d an excess of 
iodate ions be jiresent. According to F. I*. \Tmable and 1. W. Smithey, zirconyl 
iodate forms a white powder, insoluble in water, alcoliol. and ether; it is decom- 
])osed by cone, liydrochloric acid with tlie evolution of eldorine ; and it showed 
signs of decoinj)Osition at KX)'', and iodine va[>ours are visible at J !!"> ’. Analyses 
of samples prepared under different conditions, and dried at room temp., have a 
variable conqiosition between Zr3()4(I(\3)4 and Zr407(l03)2- The normal salt, 
ZrO(l()3)2, has not been obtained because ilie salt is so readily hydrolyzed l)y 
wat(*r ; it is far more readily liydrolyzed tlian the chlorate ; thorium iodatc is 
precipitated like the iodates of cerium and zirconium. All three iodates decompose 
when calcined, forming ZrDo, (VOo, or ThOo, as the case might be. K. J. ]\leyer 
and M. Sjieter have (levcloped a method for th<‘ se|)aration of thorium from the 
rare earths and cerium by precipitation as thoriuni iodate, for the ran* earth and 
cerous iodates are soluble in nitric acid; V. 11. M. \\ Brinton and (’. James like- 
wise separated cerium from the rare-earth group by preeij>itatio)i as ceric iodate ; 
ami J. T. Davis used a similar process for the analogous s(*j)aration of zireonium. 

The salt eimeahydrated cerous bromate* Ce(r>r'();,):j.blI.,o, was obtained by 
C. V. Jtammelsberg by double d<*(‘omposi(ion Ix^twcen ))aiiam bromate and 
cerous sulphate. It forms colourless hexagonal prisms which nudt at \\)\ and 
deconi|)Osc just al)ove this temp., and this (*ven in acp soln. In this resjicct it 
iiitfers froni tin* rare earths with whidi it is usually accompanied, and (\ James 
suggests that this pro])erty can therefore be utilized for purifying the salt. 
Dihydrated cerous iodate, is juveipitated wh(*n alkali iodate or 

iodic acid is addetl to cerium salts, lake the iodates of the rare eanhs, cerous 
iodate is soluble in nitric acid ; it is sparingly soluble in cold water, and is decom- 
posed by ])rolonged washing; hence 31. Jlolzmanii ])refers washing with alcoliol. 
Half the water is lost liy the liydratcd iodate at 110^ 

r. T. Clcve pr<*parcd thorium chlorate by double decomposition of liarium 
clilorate and tlioiiuin suljihatc, followed by cva])oration under reduced j>ress. The 
rcvsulting soap-like deliquescent mass is very soluble in water. Thorium broniate 
behaved similarly. 

The halogenates o£ chromium, uranium, and manganese.- rho double d<>com- 
position of chrome oliiiii and barium chlorate, or a soln. of chromic sul[)h;de and 
potassium chlorate, furhislics a violet liquid confcaijiing chromium chlorate, which 
becomes green at 65^- Even at ordinary temp, the soln. smells of chlorine ; at lOO^, 
chlorine gas is given off and the liquid becomes reddish-yellow— it contains chromic 
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anhydride and oxy chlorine compounds — ^it is a vigorous oxidising agent. C* Fi 
Rammclsberg evaporated the sola, of ohrommm bromate» obtained by treating 
chromium sulphate with barium bromate, on a water-bath, and found it decompoiled 
in an analogous manner to tlie corresponding chlorate soln. Crystals of chromic 
anhydride separated from the cone. soln. N. J. Berlin ^36 obtained a dark blue 
procipitate—chromium iodate— by adding sodium iodate to a soln. of chromic 
chloride ; and a similar precipitate is formed when ether or alcohol is added to 
soln. of chromium iodate. A. Berg prepared a complex acid — chnnnaioiodie acid— 
in ruby-red rhombic crystals which arc hygroscopic, by the soln. of e<|uimolepala3?l;\^ 
parts of iodic and chromic acids : Hl() 3 .Cr()j,. 2 H 20 , or 


HO 

O 


>I< 




Cr< 


O 

O 


According to C. F. liaminelsberg,^-^^ uranium hydroxide forms a green soln, when 
treated with chloric acid, vvliicli rapidly decomposes when warmed, forming a 
of uranyl cliloride, U 02 C 12 - H a soln. of urajiyl sulj)]iate be treated with barium 
bromate, C. F. Rammelsberg also obtained a yellow filtrate which decomposed 
on evaporation over cone, sulphuric acid, bromine is evolved, and a solid mass 
when redissolved leaves a brown powder as residing The soln. when evaporated . , 
ogives a yellow pulverulent substance, probably uranyl bromide, U 03 Br 2 . A. Bfeis:ch%^ 
obtained a white precipitate on treating a soln. of uranyl nitrate with potassium 
iodate, or iodic acid, and, according to A, Dittc, (i) if the ojxTation is performed 
with sodium iodate, over 6()'\ in t he presence of an excess of nitric acid, the crystals 
which form are anhydrous uranyl iodate, IK) 2 ( 10 ; 3 ) 2 ; the same salt is formed 
(ii) in the cold by treating uranyl nit rate wit h io<lic acid or an alkali iodate ; the jiale 
yellow precipitate soon forms yellow rhombic prisms, which decomj)ose at 2r/)", 
giving off iodine and oxygen, 1'hc salt formed in the cold (ii) is readily soluble in 
nitric or phos])horjc acid, and it can be recovered in small crystals bv the concentra- 
tion of the soln. ; the salt formed at the higher temp, (i) is not soluble in these two 
acids. Hydrochloric, acid decomposes uranyl iodate with the evolution of chlorine. 
According to 0, F. RammelslxM’g, the iodate formed by the cold pro(*ess (ii) in dil. 
soln. is hydrated, According to P. Artmanii, the salt precipitated 

from nitric acid soln. is really monohydrated uranyl iodate, ll()o( 103 ).l[o 0 ; it 
forms rhombic prisms of sj). gr. r>'220 (18^) ; UK) c.c. of water at 18*^ dissolves 
0 104 f) grm. of the salt. It begins to lose iodine at 26r)^\ The same salt is precipitated 
from boiling soln, in tlie absence of nitric acid ; ammonium iodate or iodic acid in the 
cold precij)itates the same salt from uranyl iiitrati* soln. Irregular crystal aggregates, 
of sp. gr. 5 052 (18 ), are formed, aucl 100 c.c. of water at> 18^ dissolve 0*1214 grju. 
of tlie salt. It begins to lose its water at 258"^, By boiling the former wdth water 
it passes into the latter, and at tills temp, ItKj c.c. of water dissolve 0*2367 grm. 
The solubility of the mouo-aquo-salt is reduced to 0*0076 grm. ]ier KX) c.c. of solvent 
in the presence of a sat. soln. of sodium iodate, and to O l 154 grni. with uranyl 
nitrate. 


Dihydratod uranyl iodate, U() 2 (I 03 ) 2 . 2 H 2 fb i» obtained by using cold dil. 
soln. in the absence of nitric acid; or by adding KX) c.c. of cone, sodium iodate 
gradual y to 30 c.c. of a cone. soJii. of uranyl nitraK;. The precipitate first formed 
redissolves, and later yields crystals or crystal aggregates of a paler yellow than 
the '' hen rtMuystallized from water it forms mono-aquo-salt of 

^ 7 ^^ diaquo-salt is soluble in water, for KX) c.c. of water at IS'’ dissolve 

4^044 gini. A boiling soln. of potassium (‘hloride or nitrate decomposes uranyl 
icKlate, forming uranyl potassium iodate, U 02 K(I 03 ) 3 . 3 H. 0 , uranyl chloride, and 
potassium iodate : 2 lK) 2 (J() 3 ) 2 -|- 2 KC 1 --Kt 03 H UOgClg+UO The salt is 

a so tormod as a sparingly soluble yellow powder by precipitation with an excess 
01 potavssiimi iodate. x\ii excess of uranyl nitrate converts this , .salt into urahvl 
loaate, i no salt is hydrolyzed by water, and KX) c.c. of a sat. soln. of jiotassiiim^ 
iodide dissolves the cq. of 0*02 grm. UO^. All the wat^ is lost at 175^ and the 
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anhydrous salt,. KUOa(I08)8) is formed ; at llO” it forms the mono-aquo-salt, 
/E,P0a(IO3)3.H80, ?. Artmann reg|^8 the , potassium salt as being formed by 
water in U02(J08)2-H2CrDy KIOs- He supposes that monohydrated 
uranyl iodate is related to the bi-iodate, MHI202, by C. W. JJIouwtrand’s formula : 


k^i<8>i<8h 

Pbtasslnin bt-todat«. 


I 03 -U 02 - 0 '^^'- 0 >^<OH 

Uranyl mouo-aqHO*lodate, 


>i<2- 


Uranyl potassium lo«late, 


.0 

-OK 


, . ^ OOgdOaia-HgO KUOadOgla 

doubled fprmubi, KIOa.IOs.UOg.IOaJOa.UOg.IOs.KrOa. 

found that the colourless soln. of manganous chlorato» obtained 
' liy. doiiblo decomposition of barium chlorate and manganous sulphate, decomposes 
doting its evaporation over cone, sulphuric acid when the concentration attains 
a certain value. The dil. soln. can be boiled, but it is coloured red when treated 
with dib Sulphiuic acid, and a mixed precipitate of manganese dioxide and sulphate 
is formed by the addition of cone. 8ul])hiiric acid. A. Jahnsen treated a cold soln. 
of manganese chlorate with ammonia, and added alcohol to the filtrate, the 
yellowish-brown manganese ammino-chlorate rapiflly darkened l>y oxidation. 

Bapiixielsberg’s attempt to obtain solid manganous bromate did not 
■54^;eceed ’be^Uae of the decomposition of the soln. during concentration. A; 
soln. of manganous iodate, Mn(I()3)2, is readily formed by the action of iodic 
acid on manganous salts ; and red crystals of t he salt are obtained by mixing 
liot soln. of an alkali iodate and a manganous salt -rjj. manganous acetate ; 
and by the slow evaporation at of mixed soln. of manganous nitrate, 

alkali iodate, and nitric acifl. According to C. F. Rammelsbc'rg, about half 
a gram of the salt dissolves in 100 grins, of water ; A. Ditte says the salt is 
insoluble in water and in nitric acid. It is decomposed by boiling sulphuric 
acid. On calcination, iodine and oxygen are given off and manganese oxide remains. 
A. Berg dissolved iriangancsc dioxide in iodic acid in the presence of manganous 
iodate and obtained a lilac-brown or violet powder — ^probably the potassium salt 
of a complex mangani«-iodic acid, 2KI03.Mn(I03)4. The ammonium and barium 
salts have also been prepared. 

The halogenates of iron, nickel, and cobalt.— The colourless soln. obtained by 
the mutual action of ferrous sulphate and barixim chlorate probably contains fetrous 
chlorate, but, as A. Wachter has shown, it is very unstable and readily decom- 
poses, giving a brown liquid containing ferric cliloride and ferric chlorate. Ferric 
chlorate appears to be formed by' the action of chlorine on water with iron oxide 
in suspension. According to J. Thomsen, the heat of formation is Fe(0.H)3+3HC103 
+acp 'di'e(Cl03)3>| 31120+ Cals. Octalicdral crystals of ferrous bromate are 
obtained by evaporating in vacuo the soln. obtained by dissolving ferrous carbonate 
in bromic acid. C. F. Karnmelsberg has pointed out that potassium bromate gives 
no precipitate with ferrous chloride, but with ferrous sulphate a rcddish-hrown 
precipitate of a basic salt is obtained which dissolves in a large quantity of water, 
and the soln. smells of bromine. Freshly precipitated ferric oxide dissolves in 
bromic acid, forming a soln. of ferric bromate, but the «} ru])y liquid obtained by 
evaporation in vacuo does not crystallize ; warm water dissolves part of the mass, 
leaving a residual basic bromate which is probably a mixture. 

A. (.'Onnell (1802) obtained a white precipitate — ferrous iodate — by boiling 
a soln. of iron in iodic acid, and C. F. Rammclsbcrg found that the addition of 
potassium iodate to ferrous sulphate gives a yellowish-white precipitate which is 
decomposed when heated. It is sparingly soluble in jiitric acid, and it dissolves 
in an excess of ferrous sulphate, and the soln., wlv>n heated, procipilaies basic 
ferric iodate. A. Ditte mixed boiling soln. of a ferric salt and an alkali iodate and 
J*- brown precipitate — ^ferric iodute— insoluble in hot nitric acid diluted 
"Mth its own volume of water. Crystals can be obtained by mixing warm dil. 
soln. of ferric nitrate, acidified with nitric acid, and sodium iodate. The precipitate 
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redi»solvcs as fast as it forms, but separatees anew oi^ evaporutioii. Iho salt is in)t 
altered by exp>os\jre to air, and is decomposed wbeii heated. If ferrous chloride 
acidified with nitric acid be boiled w'itli an alkali iodale, a rod precipitate of l»asic 
iodate, ¥000.^1.205, is obtained ; with an excess of potassium iodale aud iron alum 
a yellow prec:i])itato, ¥coOg,2l wOs.Sllot ), is formed ; this salt turn>s browt] on exposure 
to air, and gives of[ iodine. (J. I^\ Kamnielsberg luis made other basic ferric iodates 
which may or may not bo el\emi(?al indivitluals. 

The liquid obtained by double decomposition between cobalt sulf)hate and 
barium chlorate furnishes red octahedral cubic crystals of h 6 Xd.liydrd.t 6 d C 0 bd.lt 
chlorate, 00(0103)2.61100, on evaporation at ordinary temp., over sulpliurio acid.^^i 
Nickel sulphate under similar condition.^ furnishes green crystals of hcxfthydrditcd 
nickel chlorate, Ni(C103)2.61l20 ; tlio two salts are v(*ry similar in general characters ; 
and they appear to be closely related with the hexaquo-salts of niagnesiurii and 
zinc chlorates; all four salts also form tetraquo-salts. ^V]lon the cobalt salt is 
Tvarmed slightlj — about 18 — it gives tetrahydrated cobalt chlorate, 

(^0(^103)2.41120, and when dried over ]>hosp]iurous pentoxide. dihydrated CObalt 
chlorate, (’O((‘l0.i).,/2Il<>(K Tho hexa(]Uo-nicktd salt is transfonned at about 39*^ 
into tetrahydrated nickel chlorate, Ni(( 103)0. 41 12D. 'The nickel salt is too uiistablc 
to enable the existence of the diliydrated chlorate to be established. Ilexuhydrated 
cobalt and nickel chlorates melt respectively at Gl*^ and 80 and lose water, decom- 
posing into chlorine, ox}'gen, and the nictal sesqiiioxide ; tlie n'action is very rapid 
at 100®. The conif)Ounds are not vrvy stable, and their .stability is less the smaller 
the i>roportion of combined \vator. Even in aq. soln., at ordinary temp., the salts 
slowly decompose. According to A. Meu.sser, the solul)ility ot col^alt chlorate, 
expressed in percentage amounts of tlio anhydrous .salt, is : 

— 21^ o 10:. IS' 21' 01 

Per cent. Co(C10y)a • G;i-30 57 J5 ni*S3 6110 64 30 67 00 76 12 

Solid phase . . ro(C10y)2.6li5jO 00(0103)2.4 il^O 

With ice as the solid phase, the solubility at —22® is 37"fO ; an<l at - J2 29*97. 
The corresponding data for nick(4 cJiIorate are : 

— IS'" 0” IS'* 40° 4s :> 70;. 

Per cent. Ni(C10a).2 . 49-6.5 52 GG 56-74 (U'47 07-60 (i«-78 75-50 

Solid phase . . Ni(Cl03)2.GH.,0 xVilClO.).. U r.jO 

With ice as the solid phase, the solubility at — J.*) iV is .‘U H.), and at- * 2ti r>2. 
h\ Ephraim and A. .Jahnsou ]>r(^pared tetranimino<*CObalt chlorate, ('o(('l( l^lo.-lAillg, 
but found it to be too readily deconiposcHl to detcrmijie tin* vap. })ress. curv<\ If a 
soln. of luteo-cobalt chloride, ( ^u(iNll3)(’,< I3, be trf*atcd with sodium chloral e, a fine 
crystalline powder is precipitated, which, wlien rocrystallized frojii w^atej-, gives 
needle-likc crystals of cobaltih(‘xammino-clilorato, 

soluble in w’ater and dil. alcohol. It detonates l)y permission. If a soln. of this 
salt be mixed with luteo cobalt .sul]>hate, [('o(NJl3)(.|2(S04)3.r>ILO, octali(*dral 
crystals of cobalt Jiexainmixio-.sulj)liato-vhloratc, [t-‘o(NHyh\|(!8< '!< I3. «are formed, 

very sparingly solal)le in water. E, Ephraim and A. Jahnsen ]»repar(‘d blue needle- 
likc crystals of hexammino-nickel chlorate, Ni(CI()3)2.6NII;j, of sji. gr. I 02, and 
melting at 18U \ The dissociation ])re.ss. is 50 mm. at 120' ; 75 mm. at 140*5''; 
and 140 inin. at 15'5 It deromjioses explosively in an open tube at 20T', and in a 
closed tube at 240\ The Jn*at of formation is f7’5 (’als. 14i<*> salt ])repared by 
alcohol preci}»itation is poor(‘,r in ammonia, and ap]>roxinniteR to nickel aquo- 

pentammino-chlorate, is i((Jl( > 3 )..] u >.5NH o, 

C. E. Rammelsberg 1*2 prepared red octali(‘dral (cubic) crystals of hexahydrated 
cobalt brotnate, ('O(lir03).2.61l2(), with a solubility of 15-5 grins, iu iOO gnus, of 
water at ordinary temp. “Unstable green cr3-stals of hexahydrated nickel bromate, 
Ni{Br03)2.6H20, are formed in a similar manner. The (irystalline form of tliese 
tw^o salts resemble tho.se of the corresponding salt of zinc and magnesium. Alcohol 
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precipitates from the soln . of the nickel salt in aq u a ammonia, a hluish-grecn <* ry sia 1 1 i ne 
powder of diammino nickel bromate, Ni(Br 03 ).^. 2 NH 3 . C. F. J iammclsberg ])repar(jd 
what he regarded as nickel diammino-bromate, Ni(Br 03 ) 2 . 2 NH 3 , by adding alroiiol 
to an amni()nia(*-al soln. of nickel bromatc. F. Ephraim and A. Jahnseji j>rc]fare(J 
nickel hexammino-bromate, Ni(Br 03 ) 2 .GNH 3 , of sj). gr. and m(}l, vol. 

Its heat of formation is 17*1 Cals. It detonates in an open tulje at 195 '-lOG ', and 
in a closed tube at 19(/'’-193'' ; it also detonates by percussion. 

Cobalt iodate was first prepared in 1838 In" C. F. BaminelsbergA^^ as a viuJ(^t- 
coloured salt with 1 or molecules of water of crystallizatioj), ui)d which had a 
solubility of 0*68 in 100 parts of cold and 1 11 in J(M) ])arts of boiling water. In 
1877, F. W. Clarke reported hydrates with two and with six molecules of water of 
crystallization. The latter was obtained in long red crystals by the slow evaporation 
of a soln. of cobalt carbonate in iodic acid. It would be remarkable, said he, if iljis 
salt did not exist, because the normal chlorates, brennates, nitrates, sulphates, etc., 
crystallize with six molecules of water of crystallization. Against t his, the iodates 
usually do crystallize with less water of crystallization than the chlorates or nitrates, 
and A. Meusser, repeating F. \V. Clarke s lueparatlon, obtained teli*a.li\ <lrated co- 
balt iodate, and not the hexahydrated salt. S5‘t, again, in JS90, A. Dittc reported 
hydrates with 2, 3, 4, and 5 molecules of water of crystallization, but A. ]\leuflser 
failed to confirm A. Ditte’s hydrates with three and live molecules of water of 
crystallization; C. P. Barnmelsberg's hydrated salt was jjrobablv a mixture of the 
anhydrous salt and the hydrate with two mohM-ules of water of crystallization. Hence, 
there remain but two hydrates whose existence have been re(‘ognizt‘tl as in<lubitab!e. 
A, Ditte first pre[)ared bluish-violet needle-likc crystals of anht’^drous cobalt iodate, 
tV')(l 03)2 ; by evaporating at about 90^ a mixed soln. of cobalt nitrate and potassium 
clUorate in the presence of an excess of nitric acid ; and A. i\Ieu.s.ser made it by 
beating for 2 or 3 hrs., at 120"* in a sealed tube a mixture of tiie same two salts. 
If a highly cone. soln. of the same two salts ])e boiled a flocculent pale rose-coloured 
hydrated precipitate is formed which soon passes into bluish-violet anhydrous cobalt 
iodate. The same salt is formed by the desiccation of the hydrated salts at 165"* ; 
and at 2 (X)^ it decomposes into iodine, oxygen, and cobalt oxide. The ])ercentage 
solubility of the anhyilrous salt — per cent, of (' 0 ( 103 ) -is 103 at 18"* ; 0*85 at 50'^ ; 
()'75 at 75"* ; and 0*()9 at lOT)®. Pale lilac-coloured crystals of dihydrated cobalt 
iodate, 00 ( 103 ) 2 . 21100 , an*, made by evaporating at about 30"* cquimolecular pro- 
portions of cobalt nitrate and alkali ioilaie in ten times ilieir weight of water ; tlie 
tetrahydrated salt also ])asses into the diliydrated salt at about 70'* (A. Ditte) ; 
the transition is rapid at this toin[)., and much slower at lower tem[i., 30"*. The 
solubility of the dihydrated cobalt iodate- -per cent. 0 o( 103 )o — is 0*32 at O'" ; 0*45 
at 18"" ; 0*52 at 30"* ; 0 G7 at 50"* ; 0-84 at 75 ’ ; and 1()2 at KX)"*. Bed hexagonal 
plates of tetrahydrated cobalt iodate, (’ 0 ( 103 ) 2 . 11120 , wen* mach^ l>y A. Ditte 
b}' mixing cono. boiling soln. of cobalt nitrate and sodium iodate, and (‘ooling, and 
by dissolving freshly precipitated cobalt carbonati* in liydriodic acid. A. JMemser 
also obtained these crystals by mixing 5 per ciuit. soln. of hydrioilio acid an<l 
cobalt nitrate in eq. proportions between and 20 "*. 3 'be. solubility of tetra- 

hydrated cobalt iodate — per cent, of anhydrous salt - is 0 54 at 0 “ ; 0*83 at 18" ; 
103 at 30"* ; 1*46 at 50"* ; 1*86 at 60"* ; and 2*17 at 65". The solubilities of these 
three forms in water are illustrated in Fig. 23. In all cases, therefore, cobalt iodate. 
is a s])aringly soluble salt. The deterniination of the solubilities at temp, outside 
the range of stability of particular liydrated salts is possible only wlum the spee<l of 
transition from one form, to another is sulficiently slow to allow a sat. soln. to Ijc 
formed — e,g. it was not found possible to prepare a sat. soln. of the anliy<lrous 
salt below 0"*. The great difference in the solubilities of these different, forms does 
not exclude the possibility of the existence of intern\e<Iiate hydrates. 

C. F. Bammelsberg also prepared what he thought to be a inonohydrated nickel 
iodate analogous with his cobalt salt ; P. W. Clarke similarly reported a hexahydrated 
nickel iodate, and A. Ditto, green prismatic cr 3 "stals of tribydrated nickel iodate. 



362. , IlSfOBOAHIC AKD THEOBBTICAL CHEMISTKY 

A. Meusser was unable to prepare any of these salts, lie found that Rammelsberg’s 
rSalt was probably a mixture of the dihydrated nickd iodate and the anhy^ous 
salt ; and T>itte’s salt a mixture of possibly tetrahydrated nickel ioilate, with a 
lower hydrated form. Small yellow needle-like crystals of the anhydrous diotol 
iodatOt NhlOslg. are made, as in the case of the corresponding cobalt salt, by heating 
the metal nitrate with iodic acid with 40 per cent, nitric acid at about 100°. A . Jahn- 
sen gives 50‘7 for the sp. gr., and 80'6 for the mol. vol. of anhydrous nickel iodate. 
The anhydrous salt passes into the hydrated forms extremely slowly, no appreciable 
hydration being noticed after standing three months in contact with water. 
solubility, per 100 parts of soln., is 1T3 at 30° ; 107 at 50° ; 102 at 75° ; and 
0‘9S8 at 90". Green hexagonal prismatic crystals of tetraJurdrated nickol iO^MiCk 
Ni(I08)2.4n20, were formed by evaporating a mixture of sodium iodate and nickel 
nitrate between 0° and 10°. Its solubility, per 100 parts of .soln. . is 0'73 at 0° ; 
I’Ol at 18° ; and 1 41 at 30°. This salt decomposes at tein]». approaching 100°. 
Two distinct forms of the dihydrated salt were prepared by Meusser. The first 
form, a-dihydrated nickel iodate, Ni(I03).^.2H.,0, is formed when a mixture of nickel 
nitrate and iodic acid is allowed to stand for some days between 2.5° and 50° ; the 
voluminous precipitate first assumes a crystalline structure winch appears as a 
green crust on the walls of the vc‘s.scl. The solubilitv, i>cr KM» parts of soln., <1*53 of 
Ni(lOg)2 at 0° ; 0-68 at 18° ; 0‘8(> at 3()° ; and 0-78 at The second form, > 



Fia 23. — Solubility Curves of the Cobalt f’jo, 24. — Solubility Curves of the 
Jorlfttps Nickel lodates. 

P-dihydrated nickel, NilIGj).^ 2 H 2 O, is lc.ss soluble than the a-vaiietv, and i> formed 
in gicen jirismatie crystals, when the a-vaiiety is allow'cd to .stand for lialf an hour 
in contact with water at 50° It is also obtained directly bv ker'ping (he soln 
required for the a-\arioty betwwn :)0° and 70°. The .solu'liilit\ per 1<)0 gnus, of 
soln . is 0%>2 grin, of NifJOslg at 8“ ; 0-55 at 18°; 0 81 at 50 ; 1 (>;5 at 75' ; and 
1 T 2 at 80 ^ 'J'Ik* soltibility and crystalline form sharply d istiiiguibh the t wo v.irieties. 
The .solubility curves of the different founs ot mekel iodate are illustiated in Fig. 24. 
The .solubilities ot the iodates ot colialt and nickel is greater the higher the degree 
of hydration of the salt, and the hydrates have a higher solubilitv than tlie anhvdrous 
salt, and the .inhydrous salt has a higher solubility cold than it has hot 

C. K. Rammelsberg preparr'd what appears to lie nickel tetrammino-iodate, 
Ni(I03)2.4NHj, as a ]iale bine crystalline powder, by the addition of alcohol to a 
soln. of nickel iodatr' in ammonia ; he also pieparerl a similar cobalt tetranunino> 
iodate, 00(103)2.4x113. F. Ephraim and A. Jalinscn prejiarcd trihydrated nickel 
pentanunino-iodate, NiflOgla.bNlfg.SH^O, m reddish-violet ( olumnar crystals, and 
from it they obtained pale violet crystals of nickel pentauuntoo-iodate, 
Ni(I08)2.r)NH3, of sp. gr. 2-97, and with a dis.s()eiation press, of 179 mm, at 53° ; 
365 mm. at 65° ; 670 at 77° ; and tK)5 mm. at 79°. The ammino-iodates do not 
explode when heated in open tubes, but they do so in closed tubes between 210° 
and 219°. The Uiol. vol. of the pentaramino-salt is 166'2, and the mol. vol. of 
each Nllg is 17 i. The -heat of formation of the pentarauiine is 12'5 Cals. 
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I\ Ephraim showi^d that the vol. of the central metal of A. Werner’s scheme for 
representitig the constitution of the ammino-compoumls^is relate \^th the stability 
of the. compound. ; and A. Jahnsen gives in illustratioh the hexammino-chlorates 
M(C103)2.6NHa: 


M . . . . 

Ni 

Cu 

Zn 

Cd 

V, At. voL M. . 

6-59 

71 

9*1 

12*9 

JT, Disa. temp, at 760“ 

4770 

310- 

283*5^ 

394*5^ 

(vT)i 

I4*«l 

13 02 

13*73 

17*22 


^Yhe value of (eT)* for the cadmium salt ia abnormal. 

Complex sal% Wd acids,— A series of sulphato-iodic acids has been prepared. 
Wfen ^;Solhk ibf in sulphuric acid is heated to 25 C)° or 260 ^ for a long time, the, 

liquid becomes black, and deposits yellow crystals ; the same (irystals are formed by 
dissolving iodine in a soln. of iodic acid in sulphuric acid. These crystals with the 
composition H2O.2SO3.2I2O5 are decomposed by wate.r. M. M. T. Muir prepared 
the Sulphatb-iodic anhydride, I202-2H03. by lioating a mixture of iodine pentoxide 
and sulphur trioxide in a sealed tube at 100" ; R. Weber represents the composition 
of the crystals by I2O5.3SO.J. The supposed 01205.803 of H. Kamrnercr is probably 
not a chemical individual. Several have noted the formation of a compound, 
^1|S04.KIO3, that is, 2K2tl-I2O6.2SO3.2H2O, and the corresponding ammonium salt* * 
- R. E. Weinland and G. Barttlingck have reported potassium, ammonium, 
and rubidium salts of selenatomonoiodic acid, 2R2O.l2O5.2SeO3.H2O ; and of 
selenatotriiodic acid, 2R2O.3l2O5.2SeO3.5H2O ; the former were prepared from eq. 
quantities of iodic and selenic acids ; and the latter from iodic acid and a large excess 
of selenic acid. H. F. Weinland and II. Prause have prepared potassium, ammonium, 
and rubidium salts of monotellurato^monoiodic acid, R2O.I2O6 T«503.2H20 ; 
and of di-t6Uuratomono*iodic acid, R20.l203.2Te03.6Il20. W hen sodium iodate 
and molybdic acid are boiled with water, slender crystals separate from the soln., 
the crystals are slightly soluble in water, and soluble in nitric acid ; their composition 
corresponds with I2O5.2MoO3.Na2O.H2O ; when the barium salt, obtained similarly, 

^ is decofuposed with sulphuric acid, a soln. of molybdato-iodic acid,l205.2Mo03.2H20, 
is formed, and the solid acid can be obtained by eva})oration in vacuo. A long 
series of acid salts, {l205.2Mo()3),,^.//M20.7;lf20, have been reported by P. Chretien 
and C. W'. Blomstrand ni ranges from 1 to 5 ; )t from 1 to 4 ; and M 

represents eq, atoms of potassium, sodium, ammonium, lithium, barium, strontium, 
calcium, magnesium, :?inc, cadmium, cobalt, nickel, copjicr, silver, and manganese. 
A still more complex silver salt, 4r205.3Mo03.4Ag20. ^ uranium salt, 

41 2O5.3M0O3. 2(110)20.31120, have been made. P. ChriUien and 0 , \V. Blomstrand 
also made potassium and ammonium salts of tungstenatoiodic acids : 
M2O.l2O5.2W Ua./riloO, and 2]\l20.T205.2W- A. Berg made alkali, amnio- 
nium, magnesium, cobalt, nickel, copper, and silver salts of chromatoiodic acid. 

and A. Ditto, salts of vanadatoiodic acid. Lithium, sodium, 

j)otassium, and ammonium salts of phosphatoiodic acid» nM20.P205.l8T205./wHo0, 
have been reported by G. S. Seriillas,!^'^ 0 . W'. Blomstrand, and P. Chretien. 
R. F. Weinland and co-workers have reported potas.sium, ammonium, sodium, 
rubidium, cfleaium, pyridine, and benzene salts of di- and tri- fluor-iodic acid in which 
one or more oxygen atoms are replaced by fluorine— c.//. the difluoiodate, M 102^2 ; 
the trifluoiodate, IOF3.5H2O, or lF3(0H)o.4H20 ; and the tetralluoiodate, 

MI02F2in02F2.2H20. 
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§ 14. Perchloric Acid and the Perchlorates 

Jri a paj)(T : Von dtn Verhivdmujvn dc,s Chlorine mil dnn Sinter.doff (1816), 
¥. von Stadioii i described the action of sulphuric arid on potassium chlorate ; he 
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A cttiain quantity of clrind and powdered potassium chlorate is mixed iu Bmall 
quantities oi a time, with twiei' its weij^ht of cone, sulphuric acid, and allowed to Bland for 
24 hrs. with fn'quent at'itaiion. 'J'he mixture is tlien wanned on a water dnith until it 
has lost' its colour and smell. Water is then added to dil. tiie free sulphuric acid ; the 
solid is separated by tiltration, and washed with small quantities of cold water until it 
has lost its acid taste. Tlu* r(*si(hio on tlie filter is a salt whoso w^eii'ht is equal to 0*28th 
of that of the chlorate einjiloycid. ... 1 call the new salt o'Xt^jmahd poUj^siuni chlornti. 
When this salt is mixed with its own weight of sulphuric acid, dil. with ono-third its wei^^ht 
of w*ator, and wanned, the salt is decomposed. At a temp, of about 140", water vapour 
at tirst passes off, and afterwards white vapours which condense in a receiver as a lujuid 
aeifl. VV'hen no more vapour is given oiT, L raised the teinj)., the white vapours again 
apjicared, but as they wore aeeompanied by ehlonno. I suspended the operation. I call 
the liquid ocid in the receiver (Kvytjniainl chloric acid ; it (‘ontains a little hydrochloric and 
siiljdmric acids. The latt<'r can bo sepai*atod by the careful addition ot baryta water, 
and the former by means of silver oxitlo. 


The monoliydratc of perchloric acid was projiared by (1. S. Serullas 2 in 1831. 
and mistaken for anhydrous perchloric acid until il. K. Roscoo prepared the latter 
in 18()2. A. Michael and W. T. (Vmn isolated th(‘ anhydride of ])erehloric acid — 
chlorine heptoxide, (!l 2 () 7 - iu lU(X). 

Jt will be observed that potassium hyjiochlorite is the lirst ])roduct of the action 
of chlorine upon potassium liydroxidc, and ilie hypochlorite is successively con- 
verted into the chlorate or piTchlorate. ])efor(.* it is finally all transformed into tin* 
chloride. TliC hyfiochloriie. (dilorate, and 
perchlorate thus represent intermediate 
stago.'i in the reaction: 4K.011 | 2 CI 2 

K(.1 -| 21^0-1 (> 2 . (t. 1). Liveing ^ com- 
])ared siicii reactions with a liall rolling 
slowly down steps, Fig. 25. I'he ball 
may rest on one of the steps, or, if its 
velocity be groat enougli, it may roll 
down to the ground ; so, the mixture 
ot chlorine and potassium hydroxide starts with an amount of available (Energy 
eq. to 'Mr> Cals.; if the tmnp, ])c 0"". when the reaction has done work eq. 
to 305 Cals., it will stop with the formation of hypochlorite, although it 
can still do work eq. to 115 Cals, of thermal energy ; if the tern]), be IW 
ilie system will leasc to react when all the liypochlorite lias been transformed 
into chlorate, although the system can now do work eij. to 53 ('als. of thermal 
energy. 33ie principle here developed is sometimes called \V. Ostwald's GvMiz 
(In the law of successive reactions-' if a i hemical process takes 

place with the formation of a series of intennediate. com[)ounds, that compound 
which involves the smallest exj>enditiire of available energy w'ill l>e, lorrned first, 
and so on. According to 11. W. ib Roozehoom, observations show merely that 
W. (.)stw aid's hnv of succe.ssivc reactions is sometimes applicable. 

'Fhe elTect of manganese dioxide on decomposing potassium chlorate is to mask 
or abbreviate the intermediate stages wdfich occur before the system has assumed 
the final most stable condition. Similarly, the difierent stages in the reai'.tion 
betwu'.en chlorine and potassium hydroxide can be suppressed by passing the i hloriiu* 
into a warm solution of j^otassium hydroxide admixed with a little colialt salt. 
Oxygen is then given olf and potassium chloride is formed immediately wathont .any 
signs of the hypochlorite, etc. There are also several react ions in which the eataly tic 
agent aeeelerales a side reaction at tlu^ expemse of the main reaction ; and others 
in tvhich the products of the reaction are quite dilTercnt with and without tlio 
catalytic agent. 

The preparation of perchloric acid and the perchlorates.— Perchlorates are 
produced in a chemical way by the breaking up of a chlorate, and by the direct 


Fto. 


^^jaKOCt + izKCt'^doscdls. 

^ + ao/f Cl + ,w cdl6. 

^ y^/(Cl 04 -^af/(Cl^^adcdh. 

, , a^KCl -i- cals. 

2.>. — Graphic Jllustration of the Law 
of Successive Reactions. 
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oxidation of chlorates. T. Fairley ^ re})orted tlio foj niation of perchloric acid 
and of its salts by the })assago of ozonised air into a soJn. of Jiypochlorous acid or of 
a hj]jochlorite : llUC]-}- 03 =JK' 104 . Hydrogen peroxide oxidizes ehloriin^ to 

liypochlorous acid: Clo 4 -Jlj/ 02 ~ 2 J 10 ( •!. C. \\ . Hejinett and E. L. 3Ia.ck also 
found that cliloratos an? oxidized to perchlorates by exposure t.o oxygen act i valu'd 
by ultra-violet light; In^ ))ersuJphiiric acid and I)}^ ozone in acid soln. J. G. Fowler 
and J. Grant showed tli.it the chlorates are oxidized to perelilorates when 
heated with silver oxide. 1'he genesis of the perchlorates can be traced liack to 
the fuiidaniontaJ reaction between chlorine and cold alkaline be; Flo-f21vOJl 
^ -KO(.’I-f-K(dd-ir 20 ; for the hyfiochloritc wdien warmed cluinges into chloride and 
chlorate: 31vO(1- K( lO^-l-LUvtd ; and the chlorate oxidizes itself, so to speak, 
when heated, 4 IG.l 03 --- 3 lv(. 1 () 4 +KCL F. von Stadion and N. A. E. iMillon 
found that an aq. soln. of chlorine dioxide in light also dccomjjosos into chloric*, 
and perchloric acids, but not in darkness ; and A. Popper showed that the ])ci chloric 
acid is foniied at the expense of the chloric acid. G. 8. 8crull:is also noted some 
formation of perchloric acid wlu‘n chloric acid is distilled; and N. A. E. Slillon, 
when chloric aeid is allowed to stand some time beside cone. snlj>hiiric acid. In 
general, tlic perchlorates arc formed when the chlorates are decomposed hy eli'ctro- 
lysis, by sulphuric aeid (F. von Htadion, 18U)), by nitric aeid (P. Penny, 1S41), 
or by heat ((}. S. Scrullas, 1830). A soln. of ehlorir acid is unstable when its eou- 
eentration exceeds a certain value ; and W. Oedisli has sliown reasons for assinning 
that it breaks up into perchloric and cliloious acids: LMKKty -HPK > 4 ! llClOo', 
the chlorous acid, reacts with the chloric aei<l in accord witli tlie revcrsililc 

reaction, HCIO 3 + -PIO 2 * There is a formal analogy between these 

reactions and the way hyjiochlorous aeid breaks up lirst into cliim’ic and hydro- 
chloric acids: 3J10(T~J1( ftdlowed by a r<*vorsil)le r<uiction between 

tlie hydnuddoric. ajid h\ fioc.jilorous acids : llOPH fjG'l ^ ^ 2 - 

The formation of alkali ])erchlorates liy heating (he alkali chlorab's up tirthc 
temp, at whicli the molten Pujuid becomes more viscid, 1 K( ‘l()3----3K(dU4d'RFl, 
or 2 JvC 103 “ K(.4-{-C)2j ^^*^d afterwards separating the eliloiiflo and [)erchlorate by 
fractional crystallization, Juis been diseus.sed v;/(/e oxygen and D. A, Krealer^ 
recoinmejuled luaiting sodium cliloiale until it had decomposed into the peridilorale ; 
and evaporating the residue with cone, hydroehluric aeid tt> dryness, 'i he ])er- 
cliloratc was extracted witli eonc. livtlrochloric ;icid in which the sodium (ddoridc is 
but sparingly solulile. The liquid is tlic*n trcatc'd with 07 jier cent, alcohol in wluch 
sodium percldorate is alone soluble. The clear licpiid is cone., and the sodium 
perchlorate separates in a crystalline condition. 

A([. soln. of perchloric acid have been made liy the distillation of a mixture of 
potassium chlorate wutlj, say, four times its weight of cone, vsiilpdiuiic acid by 
warming an aip .soln. of ])ota.ssium p(‘rchlurate (1:7) with a small <‘xcess of liydro- 
liuosilicic acid, IRHiFt;, tor an lioiir, and Jiltcring the cooled liijuid. 4h(^ addition 
of a little barium perclilorate or cldoride to the dil. soln. will nMiiove the sliglit 
exr‘ess of li ydrotluosilicic. aeid. ^I'he <'l<'ar liipiid can then be evaporated. (). Henry 
also ma<le an acp soln. oi (he acid b}" the »leromj>osition of barium perehhuate with 
sulphuric acid. i). A. Kreidm* jireparcd an aq. soln. of piuchloi ic m id by treating 
sodium perclilorate with an (‘xecss of i:one. hydrochloric acid in w^liich sodium 
cliloridc is Imt .sparingly soluble: Xa( -j l(Jl - lU'K b + Nat 1. The filtered 
liquid, after heating to 1 doe.s not contain enough liydrocliloric acid to give an 
opalescence witli silver nitrate. F. (J. Mathers' directions arc : 

Dry Rodiuiii perchloruU', 20 grm.s., is irciited with 25 to 30 c.o. of cono. hydrochloric 
acal. 'J lie sparingly solnblo sodium cliloraio is lilU'rcd througVi no asbfvstos lUU‘r, and 
wu.slied witli ten 1 c.r. port iiais of cc»ri<;. hy drofhhnic. arnd. Th»* tUtrate (jontains the ai|. 
pcrclUori<‘ acid and the oxclss of hydroclilorie. aci«l, togellier with tho srnal] amounts of I lie 
HO<Uuiu salt.y of the.se aeids whifh uro soluble in cone, bydrooblorie aeid. d’bc inixecl Ultr'ato 
and wtishingB, at 1.3.5^, nn* es'uporated on a hot plate to vulati)i/e the hj druehloiie aeid ; 
tho soln. of perchloric acid which lioils at 20.5® remains Ixdn’nd. Tho yield is shout 0.^> ]ier 
cent, of tho theoretical. About one j)cr cent, of Bodium perchlorato is lost in the sodium 
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chloride residues, tho other four per cent, is jirasent in the perchloric acid as sodium per- 
chlorate. » The process docs not work so well with the potassium or barium salt. 

K. Mathers, an<l A. W. Kenney ])reparod ])crcliloric acid by distillinp; a mixture 
of potassium percliloratc and sulplnirio add in a (airnmt of steam. II. IT. Willard 
oxidizcfl ammonimu jX'rcldorate with an excess of a mixture of nitric and hydrochloric 
aci<ls. As a result, a ij\ixturc of ]>er<ihloric, nitric, and hydrochloric, acids is formcfl. 
Tlie latter arc (^Xj>eJled by lieatin<;' the mixture on a hot plate until wliite fumes of 
ptu'cJdoric acaVl Ijeein to appear. No unoxidized ammonia should be present in 
the soln. An acid of a composition a]>proximate]y ll(1()4-l“2Jro(), boiling ut 
remains. 

F. von fStadion’s preparation (IvSli)) was really an aq. soln. containing about 
70 per cent, of JKIO,^; G. S. Berullas’ ])reparation (1831) was tjie crystalline 
jnonohydrate, 11 ( 104 . HoO, whicli Avas mistaken for the pure acid until H. E. Roscoe n 
demonstrated tliat it contained water, and by fractional distillation obtained from 
it a, sjnall <piantity of what he called pure porchlori<'. add. H. E. Roscoe’s direc- 
tions are : 

T*njo dry potassium perchlorate is distilled in a small ifdort with four times its weight 
of <‘one. sulpliuric whicdi hns l)een previously boiled, iionse wliite fumes be^in to bo evolved 
fit about ! 10'^, an<l a colourless yellow li<|uid, consistin«< of ])(n’rhlorio acid, distils over. The 
product in the receiver is ^morally con tarn in a tcfl with a liltlt.‘ sulphuric a(dd carried over 
m<’i‘hanir.*ally. If the distillation bo continued, the Ihphd in the reci'iver gradually changes 
into a whiti' crv.stalline mass witli the composition Tins hydrate is formed 

From the water which is pnxku'ed by the d«»composif ion of a portion of the percliloric acid 
into a chlorine oxide, oxygen, and watc'r. If the crystalline hydrate is again he.atcd, it 
decoirjpos(‘M into the fuiro acid whicli distils ov<t, and into an aq. soln. of the achl which 
boils at 2U3‘^, and therefore remains beliind in the retort. 

An aq. soln. of yierchloric add contains about 70 ])ei’ cent, of -approxi- 

mating to the diliydrnto— -when it has been (‘vaporaled on a hot plate until 
dense Avhit(‘ fumes appear. If this acid be distilled at orditiary press., when it 
boils at 203‘’, about 10 ]>er cent, is decomposed. Percliloric acid can be heated 
Avidiout dt‘(*i)mj)nsi(ion under reduced pro.ss. much above the temp, atwliicli it begins 
to d(‘cojiij)osr uiidm* ordinarv' atm. press. Perchlmic. acid boils at. 19’’ under a ]>rcss. 
of 11 mm., and lictween l3o" and 115'’ wlicn the press, is lietweon 50 and 70 mm. 
( 'iu»sefjU(*nt]y, if a ini.xture of ])orcliloric and sill pli uric, adds he fractionally distilled 
under redu(*ed pi(‘ss.. the jau-cliloric add volatilizes at a lowin' temp., and its decom- 
positirui is largely a\ oi(h'(l. A. Vorliinder and _R. von Schilling ^2 distilled the add 
i)etw(*en 15 and 5(i mm. ; A. .Mieliacl and W. T. Ponn betAveen lo and 20 mm. ; 
T. W. Ivichanls aiul H. II. Willard between 1 50 and 200 mm., and between 15 
and 20 mm. 

1 >. V(”>rliiri<lcr aud H. v^ui SclfiUing heated 50 grms. of po\\d'*iod potassium chlorate 
with between I 50 and 1 75 griug. of eoue. sulpluiri<‘ acid (0()-07'5per cetit. 11 in a 300 c.c 

frfjfdiouating tlnslc, imrncisc'd in an oil-bath, with the level of the oil below the level of the 
li(pu<l in the llask. 'I'lio c<vnteiit.s of the llask arc di.stilled uridi*r a press, of 50-70 mm., 
at 135'^ Lo 1155 An air ciaulenser 75 cm. long leads to a glass condenser immersed in a 
freeviuL^ mixture ef ice and siilt. In jibout 1 1 lo 2 lu'S. 22 24 grins, of eriule anhydrous 
pendiloric aeid are ohtairuxl. U1in gases from t fie condenser eonljiining t he oxules of chlorine 
are jiussimI tiirough a lube' coidaining soda liino ; the glass joints arc Inted w ith ji inixturo 
of asl>estos and water glass. 

The, cnid(^ pmcliloric add so prepared is coloured yellow owing to tlie piesence of 
diloriue dioxide, and contains al>out one per eent. of sulphurie aeld and tra<'es of 
h vdroeliloric a (id. I). Voiliinder and R. von Schilling r«'ctllied the aeid by aspirating 
air llirough a. (ajullary tulu^ dipping in the acid contaiiu'd in a fract ionating llask 
heat(Ml on a water-bath until tlie acid lost its }elIow tinges. Tlie acid is then 
distilled umhu* redui'tsl |U('ss. — say at 6.5° under a pre.ss. of 50 -7tl mm. Sulphuric 
aeid with S(im<‘ monoliydrate.d perchloric acid remains in tLui tla.sk, and IS-~2l grma. 
of eolourl(‘ss acid is obtaineMl. ,T. W. Richards and H. II. Willard found that after 
three distillatious uiubir a [iress. of aiiout I5— 20 nmi., 90 per cent, of the last distillab* 
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was quite free from Hiilpliuric acid, and 9 ])er cent., showed so little that after 
evaporating off all but 1 c.c., nothing more than a faint opalesci iice was obtained 
with barium chloride. A trace of [>hos])horic acid is usually pn^sent in the crude 
acid, but the second distillate is free from this iiiqmrity. 

Electrolytic processes for the perchlorates. F. von 8tadit)n found that if aa 
aq. solu. of chlorine dioxide be “ in(*ludcd in Volta's (urcuit/’ at first very little gas 
is devek)])ed, but after some liours, oxygen arxl chlorine appear at the anode, and 
liydrogen at the cathode. The volume of hydrogen so obtaimul is nearly twic(‘ 
that of tlic oxygen. After some time the soln. is det'olorized, and transfoniKMl 
ijito perchloric, ai'id. In 18r>7, A. Riclic la prepared perchloric, at id by the, electro- 
lysis of hydrochloric acid, or of an a<p soln. of chlorine ; and ten years (»urli<‘r, 
If. Kolhe prepared potassium jx’.rchlorato by the electrolysis of an a.tp soln. of 
potassium chloride- acidified with sulphuric acid and of ]>otassium trichlrno- 
methyl-sul])lionate. H. Kolhe (1816), a pioneer in flu* ch'ctrolyiii’ p3‘t‘paration of 
com]U)unds, specially noted that the formation of percliloric acid is always prec^^ded 
by that of chloric acid, and stated : 

I’lie production of ]ierchlorio acitJ in an acid moIii. i.s coriainly a hu t Avorthy of attontiun, 
for, according to all the observation hitherto made, combination between ehiorino and 
oxygen could be eff(jc<,(xl only in the presence of a fro<> alkaline base ready to unite* with 
the newly formed acid. 

\V, Ocehsli A4 put forw^ard the hypothovsis that the clilorafes are not oxhlized to 
perchlorates by anodic oxygen as n‘]>resente(l by the c<|u;iti<m : C’lO;/ f ^OJT 
--FlO^'-j" HjjO. but tlie oxidation is ratluT a secondary reaction attending tlic anodic, 
discharge of the cJjlorato ion : 2 CIU 3 f ILO LMl(’lb 3 -H). Tho free chloric, acirl 
is probably ])resetit in a very higlily (*onc. condition about the anode, and, since in 
this condition it is known to he nnstalde. it s[»ont ancously dei-onipose^ into pm* 
rhIori<^ and chlorous acids : LMK’lO.j JKlO.i fn^e chlorous acid thus 

fornuMl cannot remain in the soln., for, in contact with the chloiif* acid vvhii*h is 
presimt. it would immediately evolve, chlorine dioxid*' : JlLlOw 
h-FlOj : Init no such evolution of rldoriru* diuxid<‘ has )>et*u observed, and it is 
hen(‘e assumed that the cldorous acid is instantanconslv oxidiz(‘d to rhlori* acid bv 
the oxygen liberated from the decoinposit ion of water by disrltarg.al ( K). -ions': 
^LIO^-] HoO- ' 2 Ht’lU 3 |- 0 , wliieli reacts witli tin* cldoions aeid : IIVIO., ]-(> 
The. end products of the secoiulai'y nantion following the diseliaiLu* of 
tin* ehlorate ions are th(*ndore : 2( ‘IO 3 -f-1 dK'lOj j IK’jO.. 

To thi.s hy])othesis (’. AV. Lennett an<l li. L. Alack rejdy that there is no direct- 
evidence that chloric acid, when suirieicntly cone., decompos(*.s with the foiniaiion 
of ]>crchloric and cliloroiis acids. I’ln* visil)le ])rodurts of the decomposition a]'e 
known to })e perchloric acid, cldorine dioxide, chlorine*, and oxvge.n, but, the ]M}ssible 
formation of clilorous acid has not been demonstrated sat isfactorily. 1diev also 
assume that the (ddorate ion is din*ctly oxidi/.4*d at the a-nod<*, ajid show tlial the 
general ])henomena o}>S(*.rved during the perchloratti formation are most easily and 
satisfactorily ex]) lain ed from this vi(*W“pojht,. The a(‘ti«)n ol the curi’ejit on eh*ctro- 
lytes containing oxygen or Jiydroxyl ions is to libcralf* active or atomic oxygen 
wliich, unless rlepolarized )>y siurn* substaraa* ])res(‘nt in tin* soln., will be converted 
into ordinary oxygen gas : Th<- rate of this rvact ion, a.jid conse(|uently also 

the concentration of t he active atomic oxygen, is d(*pcrah*nt on (i) tJie luiturc of the 
anode , (ii) the c.nrreiit d<.‘nsiry ; (ijj) tin* (<uMp. ; (i\') tlie n.atuj’e of tlci .soln. ; and 
(v) the elapsed tinje of (*l(‘ctroIysjs. Ju order* t<> o\i<liz<^ a substance c.q. a clilorale 
ion--present in tlie electrolyte, (\ \V. Ihmnett and K. L. Mack fnrtluT show that 
the potential of the anode slniuM not rise io tliat point nece.s.sary to bring al)out 
the liborat roll ot gaseous oxygen. ])nt only t(» that point necessarv to {)roduc(‘, a ('on- 
centration of iwtivo oxygen siitlrci,oit. to oxidize, the chlorate ioig for E. T. Sdiocii 
has shown that in a. 1 A .soln. of potassium chlorate with an iixin anode, tln^ fojnia- 
tion of perchlorate begins wlie.n the ajiofle jiori'ntial is 0 023 volt, a ]mmf)er well 
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deposition of solid sodium hydrooarbonate, 90*5 i)er cent, of tlie ammonium hydro- 
carbonate taken has been utilized, while, in the latter case, only 68*6 per (iont. has 
been utilized. From this point of view, it is advisable to keep on the curve PiPy, 
where the eflicieticy coefF. of the anxinonia are high. This observation is in harmony 
with empirical experience, and was known to E. Solvay and others. Extremes are 
odious. If an excess of sodium chloride be employed, some ammonium cliloridf^ 
will be jnecipitated witli the sodium hydrocarbonate, and when such a mixture is 
calcined some sodium chloride is formed, and the value of the resulting soda ash is 
accordingly depreciated. It is an interesting exercise to show that if the amn\onia 
were cheap and sodium clLl<jrkle dear, it would bo better to keep near the 
curve PiH. 

The preceding remarks are based upon observations with soln. sat. with two 
salts — viz. sodium hydrocar])onate and either ammonium chloride or ammonium 
h}^d]ocaj:bonatc— under manufacturing conditions, however, the soln. are obtained 
by carbonating ammoniacal soln. sat. with sodium chloride, which are sat. with 
ammonium hydrocarbonate alone. These soln. are represented by the smface 
Naturally, many difTerent combiiiaiions are here possible, but technical 
practice is limited to ammoniacal soln. sat. with sodium chloride where the efficiency 
coeff. U^\i not less than 75 ])er cent, on tlie This corresponds with 

the stippled area in Fig. G4. Obviously, the nean^r the working conditions approach 
more complete the utilization of the sodium chloride. 

The effect of temp, on the eflicicncy coeff. for soln. No. J (Table XLVl), point 
P|, is as follows : 

0 ^ 15 ' 30 ** 

Kfficiency cootf., . 73*6 78*8 83*4 

Efficiency coefT., //NIT 4 . 88 *0 85 *1 84*1 

This shows that with a rising tcm]>. tlui yield of sodium hydrocarbonate rises, but 
the efficiency coeff. of the ammonia de^treases. When the temp, e.xceeds 32®, the 
amount of sodium chloride in soln 
No. 1 decreases; at 32®, 

~81 per cent. There is therefore 
near 32^ an optimum tcnij). for the 
yield of sodium hydiocarbonate ; in 
other words, the liigliest attainable 
conv<;fsion in this reaction is 84 j>cr 
cent. ; or, at 32 ', 81 ])eA* cent, of the 
sodium chlorkhi cmploycid is pre- 
cipitated in the form of sodium 
hydrogen carbonate. It follows, 
therefore, that by I’aising the teinj), 
the efficient Hn*a P^P^^EIl is aug- 
mented — always supjiosing tliat the 
precipitation and filtration are conducted at one and the same temp. — although 
in practi(^e this temp. li(*s near 30®, so that the results of P. P. Kedotieff can be 
regjirdod as Normal f ur die Praxis. 13ie condition of equilibrium, at any given 
temp, is fixed by the equation: [NaHCUsliNlI^Plj - AfNaCI][NH 4 lUW 3 j, where 
the symbols in lirackets nqiresent (umc. From this eejuation it would appear that 
the maximum yield of st)diiuu hydrocarbonate is favoured by high cone, of the 
sodium chloride and ammonium hydrocarbomite : tin* lattcn- condition is favoured 
by a high cone, of ainnioiiia and carbon dinxide. 

This process can l>o illustratod by eonneeiing an apparatus, for generating ainnioina. 
Fig. 05, anil an apparatus, Jj?, for making washeil carbon ffioxiile with a tower, tilled with 
a sat. soln. of sodium chloride and fitted with four pin-f orated iron tJiscs as shown in the 
diagram. 'Cho tower is provo'dod wxtJi an exit tube dipping in a bcaki'r of water. The soln. 
is first sat. witli ammonia, and then with carbon dioxide. In about an hour, crystaKs of 
sodium bicarbonate will be deposited on the perforated sholve.s. 



FTo. 05.- -1 Ihiatratioii of Solvay’s Proces.s- 
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’['ho. is ili'sk sat. witli anuuoiiin [>y ruuiiiiiix <h>\vu\v8-rfls u lowor fitiotl 

witli sevi'rfil cotnparinioiits, a'l indicatc'd iii Kii?- iind tin* tiiniuoiiift rising upwards huhblo« 
throu/rh the liquid in oafdi <!()inpartim4it. A similar to\u*r is c*inployod for nvovoriug the 

iinuuoniasidisoquont.Jy carried away durinc’ 
-j r Iho carboualiiii' ot the ainniouiutcd lirinc. 

” 'rin' arnruoniated brine is cooled to .‘10 ' 

ami. in K. Solvay's appai'utus, is pumjicd 

^ to the lop of a tower, Ki^c. 07, 70 to 00 ft, 

high, ami 5 to 7 ft. diamcti^r. The ain- 
' immiated brine falls ovc'r a series of balllo 

platc'S and during its <l(\seent meets an 
aM*(‘riding stream of carlion dioxide. Somi‘ 
beat IS evolved during the absorption of 
7^— (he carbon dioxirle. ami accordingly 

VV'. B. (,’ogsvvell (ISS7) iiltod the tower 
^ with coolers consisting of a number of 

I , “ — mild sleid t idjes exjiandefi into a stei'l 

tubi^ plate. The cc»ld water running 
* ' through these tiihe's «‘ools the liquor as it 

] [ approaehes (lie hotloin of th(.‘ lower. 

L (‘rusts of salt gradually form on (lie tower, 

1-^ ^ I— “ tlu'se have t.o be removed from time. t() 

frr^ lime, latlu'i’ by a )(‘t ef steam or by a, 

^ m / A-j stream of fiesf) brine'. 'The (iai’bonat ing 

— vjU //A* may be eomlucted in two stages"-- in ont' 

, K lowt'r the ammonia i.^ (*ouvert(‘d aj)]n‘oxi- 

Vy;:^ 0;;;^ nuitt'ly to (ho noiiiial carbonate', and in 

- second tow(*r the h\ dro(*arbonate is 

llrT'— ((\i jV formed. Aljuiy otlu'r ('arhcauii itig towers 

: -“r_ . have Ix'en devise<l ' .g. in .M. llonignuinii’s 

7 '^ ~\ ■' earl)*)!! dio\id(! is ])Ui‘ili<'d in .serie^s 

J I _] ^ through tl)e nmmoniati'd brine eord,ained 

A j — ' iti thn'(' or inou' I'diiioal ve,ssel.s fitted witli 

■' "N cooling pipes. The litpior which runs 

. . . Ironi llu' ['arhoual iug (f>v\«'r is (iltert'd 

through tlaunel litlh'd upon rotating 
inoiiia ovvi 1 . vay s ( arbonaluig eyliiidei's inside of which a vacuum i.s 

lower with (_ol's- niaiutuiiK'd. 'I'lu' layi'r of sodium hydro- 
wells ( oolers. i'arhonnte is wa-shed witli w-ater as (he 

, , . oylmdei rotates, an<l is t Iwn automat icallv 

SCI a pi ( oti with a kmfet, \\. .\lasori .s amd-ysis (I1H4) <.)f tlif' .soln. whoa ]»recipit atioii 


hti. > - Ain- 


(i7. -K. Sol 
vay s ( ‘arbonal uij. 
'Pow'i'r wnth (Jol's 
W’eH's ('oolers. 


scraped off with a knifct. 


t • , , -.J....- v/1 I III >>iu-n IIJ 

bcgjj IS shows that .jO percent. <if I li<* sodium chloride has dei'umuo.sed and M'S pi'r vciii, 
of sodjum <*arbonate is in soln. I'h.' motlier Ibpdd ivmainmg aft. F* tlu* precipitation of the 
sodium hydrocarboiiate ('ontains in grams ]>er lUU c.e. ; 


Soi.liuMi cliloriitc. 
ST> 


.Vunnoniiim « ai l>u[j.U«, 
81 


wdiile th<‘ pFX'cipitatc contains : 


Sotluim clilm i(le. 
U 1» 


Sodium li>(lr«)(*;ul)on;itt 
7 1 


.S< >(111111) c.u bmial • 
do 


Sodiiiiii (■.irlK»n.[t(*. 
\ -d 


\ ( hloi id<*. 

7S‘] pf-r coTit. 


Id d j)or erul , 


IIio ftinmtxiiK JS ri'taiiioil voiy (criacioii^ly In' anil .ann..) ho roiiiovod l.v 

Wdshin-. Tho Jiioflior lirpior ootilaiii.s ;)0 !t2 pi e ooiit. <.f 1 lie aniinoniu ori-inalTv 

proMTit 111 thoamiiii.iiinh'd [intio ; ahoiil .Sporooid. willJiavo boon ••imiod of) hy Ibo oiiiTord 
of oarlxm dioxido in Solvay s towor, niid i.s roixnoicd a;-; pio\ion.d\ indioafi'd ' 


H sodium cai'hojiak; i.s iioodod, 

XilA'Og f UA) 


iXaJICO., 


I ho soc linn liy.lro. ailuaialo is lioatod lo di i\.- off the nioi.stnro nn<l ainmonia. and 
.siib.socpiontfy fo a bi<;hoi- (oniji. in a Tbelon’.s pan vibi.'b oon.siKta of casl-iroii s< tnioimular 
plates, to Id ft. in diamelj-r and 7 to 8 ft, long, elampt'd together ejul t o (‘mliii suitablo 
Hangas .so a.s to make a length of .‘id to 50 ft. 1'he livdiocarhormte is fed ineehanicallv 
into the turnaco and carried liaek wards and forwards by a number of scrapers at.taeh<>d 
to a rotating shall, ami ultimately discliarge-d at the ojipositc end to tlie feeder. 1’he 
pans an* heated exlcrnally longitudinally aloiigr the furnace. 

Till' carbon dioxide given off during tlie calc i nation fonn.s jiarfc of tkafc used in 
the first stage of tlie operation. 'I'he mother litpiid remaining after the separation 
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of sodium hydrocarbonate is treated with lime obtained by burning limestone : 
(WJO^—CaO -|~CT)2 ; and the ammonia is recovered: SNH^CLl'CaO -Oad.^ 
-|•■H20+2Mlf3. The ammonia and carbon dioxide evolved in these tw'o operations 
are used again. 4’hns calcium chloride is the only by-product which is not utilized. 
G, Bodlander and P. Breull enumerate the three main reactions as : NaCI-fNJT.^ 
-fG02+ILO -NaH(;03-|-NJl4Cl ; CaCOs- CaO+C^O^ ; and CaO+2Nir4CI -d^a(d2 
4-2NJf3-l'H20, which are summarized into 2NaCJd-(‘aC03-f-C024 H2O-- ^NalK’O^ 
4-(.-aGl2* TJic heat balance is therefore : 


Tabcr XLVir. 


Ho:it consuiiKul. 


Heat produced. 


(Ja(do in soln. 
l>Xa.HC 03 solid 


187-2 Cals, 
irdi 'S (;als. 


2NaCl solid 

(X)., gas 
( 'aCO^ solid 
IIoO liquid 


11)5-2 Cals. 

97 0 Cals. 
270*4 Cals. 
68*4 Cals. 


'i'otal . 


047*0 Cals. 


4'otal . 


G310 Cals. 


Oonse(|uently, 647 — 631 - =16 Cals, are used up in the inverse reaction, the same 
quantity is al)sorl)otl })y tlu) tcchni(tal process, which is therefore possible only by 
supplying energy fnnu witliout the system. 1die following is a schematic repre- 
sentation of the ammonia-soda process : 


NaCI 




XnhU'O., 

I 

NajCOj 


<*arbon 

I 

f • - 

C'O., 

t I 

NlfjCI — 

"■ntT7 


CaCOj 

I 


<'aO 


->l 


<- 


'V 


4' 

(.’aCl., 


NH4CI 


Several modifications of K. Solvay’s process have been proposed. For example, 
in T. Schldsing’s ])rocess, solid ammonium hydrocarbonate was used. E. Diesel 
and J. fjcnuhof mixed sotlium chloride with neutral ammonium (‘arlionate, or 
sulphitf‘. or b(»ratc, and precipitated t.h(‘. sodium salt — carbonate*, sulphiti*., or borate 
-- f)y passing ammonia either under ] ness, or into a wo11-(*ooled soln. (jf. (^laude '^ 
recoiujiierided using synthetic airimonia in tin*. Solvay pro(‘ess, so as to obtain 
ammonium chloride to be used as a fertilizer ; there is no waste calcium chloride 
since the ciilorine of tin? sodium cjd(u-jdc forms amnionium chloride. In 
IT- A. Frasch’s process, nickel or cobalt t)xidc, hydroxide, or carbonate is allowed 
to act. on ajiproximately its etj. of alkaline chloride in the prOvSence of ammonia ; 
and insoluble nickel hexamininochloride, Ni{NJ 13)5112. is formed : Ni(0Il)2”f ONILj 
|-2NaCl“ Ni(NJ 13)5(12-1 2Na()ir. When the doul>le nickel salt is treated with 
milk of lime, niekel hydroxide is regenerated, and the ammonia <?an be lecovcred 
from ammonium diloride which is h)rmed. The carbonates can bo used in place 
of the oxides ; and potassium chloride in place of the sodium salt. M. Bernard 
used methylamine, and J. (Jrtlicb and »J. A. Miiller, trimeihylamine, in place of 
ammonia for ])reparing potassium carbonate ; and II. tie (Irousilliers irsed alcoholic? 
in place of aq. soln. J. Bower (1840) patented tlie use of sodium sulphate in ])lace 
of sodium chloride in the ammonia-soda process. G. T. Gerlacli, H. Gaskell and 
F. Hurter, G. Jllattner, F. Hurtcr and J. Omholt, and 0. Wigg, ako worked on this 



746 


INORGANIC AND THEORETICAL CHEMfETRY 

process. In 1876, G. T. Gerlaoli (1876) and J. F. Chance (1885) proposed the use 
of sodium nitrate in place of sodium chloride in the ammonia-soda process. Sodium 
hydrocarbonate and aninioniiiui nitrate are forjnod : NaN03-*hNH4HC()3-f NaHC03 
-I-NH4NO3. The yield of ammonium nitrate is 87*5 j>er cent, of the theoretical, 
and .1, A, (‘olson recommends this process as bein^ more favourable than the 
ordinary E. Solvay's process. The residual sodium and calcjum nitrates can be 
utilized as inamires. E. W. rarnell and J, Simpson patented a combination of the 
Leblanc and ammonia-soda processes l)y decomposin|ii5 the aiumoniiim chloride pto- 
duced in tlie latter by the calcium sulphide proihicetl in the former : 2NH4CI 
-^-Ca8~Ca(^l24-(NH4)2S. The latter escapes as va[)our and is absorbed in water. 
The cold soln. is treated with carbon dioxide : (NIDg^ i'2C( )2+2n2G--2NH4H(^()3 
+H28. The aTumonium hydrocarbonate. is treated with sodium chloride as in 
the orilinary ])rocess. 

Potassium carliDjiate cannot be made economically by Kolvay\s process because 
the potassium hydrocarbonate is too soluble ; luit if trimethylamiiic be used in 
[dace of using ammonia, J. Ortlieb and J. A. Miiller have sliowji that potassium 
hydrocarbonate will be precijiitatcd.*'* A great deal of the potassium carbimate of 
commerce is made by N. Leblanc’s j)roce8s. 

The Leblanc process has had to meet severe competition with tfie aiiinionia-soda 
and the electrolytic process. It is ])robabIc that, if it had not been for the sul[>hur 
recovery processes it would have been entirely defunct long ago. tliis not only on 
account of the losses of sul])hur. but on account of the objectionable nature of the 
alkali waste. The Lelilanc process, however, is generally regained as a de,clining 
industr3\ although it still holds its own. I'he prop winch keeps the Leblanc ])rocoss 
from falling into oblivion is the by-product chlorine which can lie sold at a good 
price in the form of hydrochloric acid or bleacliing powder. The struggle of 
the Lelilane jirocess for existence is well shown by the following ta).)lo, which 
gives the output of soda by the dilTerenfc [)ro(?essos expressed in tons [ler 
annum : 

Taulk XLVlil. 

I ■ ■ . ■ ■■ 

j 1805 j L875 I 1885 I JS'.>:> 1005 ] 1911 

i I ' * ' ■ ' i 

! 350,000 I 400,000 440,000 ■ 270,000 : 140.000 ! 130,000 

, 30,000 320,000 . 080,000 i 1,700,000 j 1.000,000 

! * ' — : i 0.000 i .50,000 

j ■ i 

i ' ■ ! ; - ■ 

I 350,000 520,000 700,000 1,250,000 ; 1,8.50,000 ! 2,080,000 

I he production of caustic soda has largely rejilaced that of carbonate bv the 
Lebbinc [uocess, although the electrolytic process is a serious competitor in 
this held. 

I’he sodium chloride and suljihate regularly found in Leblanc soda ash are not 
usually injurious; the insolulile matter should not excised 1 to 1] per cent. It 
consists principally of cahuuiu carbonate, alumina, silica, and ferric oxide. The 
sul])hidcs should not be detijctable by lead pji[M*r ; thiosnljihates arc destroyed 
in calcining the ash; sulphites are usually present and can be detected by 
lodme sola. ; and sodium hydroxide, except in the so-(ailIed caustjxv.asfh, does 
not usually exceed 1 [ler cent. ^Flie moisture in fresh ash ranges below one 
per cent. Owing to the mode of ])re]iaration, ash liy Solvay's ])rocess is more 
pui^e than that prepared by Leblane/s process. ft does not contain sodium 
ivai oxide, sulphides, sulphites, or thiosulphates ; it may contain a slight excess 
ot ^ aibon dioxide ; a litrlo sodium sulpliate is always present ; iron, alumina, 
and Silica are present in minute traces ; sodium chlorkh^. is perhaps the only 
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nearly the same as water. H. ,1. van Wijk’s values for 20" and ITO" show that the 
.viscosity rises <rom that of the anhydrous acid. 10.3 at HO'" to 0'87 with soln. con- 
taining 80-5 per cent. H(.T04 ; and then falJ.s to JT.3, the value for wafer at that 
tcnif). The results are plotted iji Ki-. 29. 

Thermochemistry of the oxychlorine acids.— Percliloric acid is not so powerful 
an oxidizing]; agent as (’hlorie aeid, and this in turn is less vigorous tiian liypoclilorous 
acid. This agrees with the stal)ility of the resp(*etive acids, and is in accord with 
the fact that a greater amount of availahle energy pt'r atom of available oxygen is 
associated with liypochlorous atud than with either chloric f)r ]»erchU>ric aei<L For 
instance, the tlicrniochcmical c<[uaiion.s arc n‘presc]it<‘d : 

HOClaq, (> ] 9*3 Cals. ; oi* 9*3 C‘als. per atom of oxygen. 

}fC30aa(i. -TtCIaq.-} 30 {-1.5*3 Cals. ; or 5*1 Cals, jxu* atom of oxygen. 
HC104aq,==H.Cla(|. f'lO 4- 0*7 Cals. ; or 0*2 Cals, per atom of oxygen. 

Since the bleaching effect of these reagents is supposed to depend upon the action 
of nascent oxygen, it follows tliat in this case there is no j)artictilar need for the 
assumption that aiiuuie oxygen is more active than jnolecular oxygen, because 
the misc-ent oxygen is associated witli a larger amount of available (mergy, which 
can do chemical work. The available energy of each a(‘id must be added to that 
which free oxygen could give if it alone were perfouning the sajue oxidation; 
ac(‘ording to the principle* of niaximiiin work, the amount of energy degraded 
during a chemieal reaction measures the tendency of a reaction to take place. 
Hence, the greattu* oxidizing prof)erties of these acids must, at le.ast in part, be due 
to the greater amount of available etiergy associated with their nascent oxygen 
during (lecompo.sit ion. 

The heat of formation of liquid perchloric acid from its elements is II (.1-f 40 
-fKTO^u,,. 4-191 Cals.; H h(T4-4() | A<j. -H(d04a., f59*dr) (4ds. ; ]iCl04Uq. 

^IICl+40 1-2-9 (4i]s. ; ll(!l04ar,. 11(1^.,. 1 lO+O ? Cals. Tlie heat Of solution 

is unusually high. When dropped into water, anhydrous pendiloric acid combines 
with 1lie water with a hissing noise, and the evolution of much heat, viz. 20*3 Cals., 
and it is tlier<.d‘ore as large as that of [>liosphorus [>entoxide. The heat of soln. ot the 
mono-hydrate is [-7*7 ( Vils., and of the diliydrate -f-o’d (^ils. ; tlie heat of neutrali- 
zation ‘is 11(10^,,,,.-! Na()Haq.=-14’08 Cals., llCl()4a„.+ir.a(UH)2u<j.— 1'3-8 Cals.' 
M. Jlerthelot gives the heat of dil. of 14(103+ ali.^O (b(>t) 7i) mol. of water to be 

n . .0 1*43 2 3*085 5*215 a*2« 9*5 9()*5 

Cats . 20*3 7*37 5*3 1*23 0*31 0*018 0*237 0*025 

and with /i~-19tj*r), t he heat of dil. is zero ; with IICTO4.H3O crystalline, 7’72 Cals., 
and with H(T0|.Jf20 Ihjiiid, 1 1*7 Cals. W. Ostwald gives the heat of formation 
of CI(_)/-ions as -—39 (^als. The Specific heat C of soln. of ]lC104-f /dioO between 
ir>^’ and 40"^, is, according to M. Bert helot, in calories per gram ; 

. . , 3 085 5*4 9 59 4(5*35 590 

. . . 0*501 0*575 0*0705 0*893 0*993 

T. W . Kichards and A. \V. Rowe iind ()*910() for tlie s]>. ht. of a soln. 11(104 
d lOOHoO, and the mol. ht., 18;)l eals. B. Kabitz’-- says tiiat peivhloric aeid gives 
a continuous absorption spectrum from about 29/x/x. ‘According to W. Ostwald/-*^ 
the molecular conductivity when a mol. of H(104 is dis.solved in v litres of water is, 

• • .2 <S 3-2 128 25(5 5J2 1024 2048 409(5 

. . 791 84 0 88*1 89*2 89*9 89*8 89*8 89*3 87-8 

The ma.ximum value is 89 9. TTiis, says W. Ostwald, corresponds vvitli the fact that 
perdiloric aeid is one of tiie strongest of acids, and approaches very Jioar to chloric 
and nitric acids. I'he mobility of the ClU4'-ions at 18"^ is, acconiing to F. K(dil- 
raiisch, about (54 ; and according to A. E. Baur, at 25'^, (57*5. 

The properties of perchloric acid.-- The aq. soln. (.>f perchloric acid are much 
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more stable than the anhydrous acid. A soln. of the acid in chloroform becomes 
yellow when exposed to the air, and forms the nionohydrate ; a violent explosion 
occurs if the soln. be poured U])on ]diosph(»rus pontoxicle. Tlie anhydrous aci<i 
explodes if tlie attiunpt be made to distil it at ordinary press. ; at 72 ^, the acid 
(hirkeais iji colour, at 112'' it j^ives olT white va])ours and an orange-yellow gas ~ chhu’ine 
dioxide- and a feAv drops of a distillate as dark in <‘oloar as l)romine and containing 
1 '77 ])er eerit. J H ’IO4 are formed ; if heated further an explosion occurs. Anliydrous 
pmchhwic acid arts as a powerful oxidizing agent on many substances ; for (‘xainple, 
if a drop }}e biought in contact witlj \v«>od charcoal, an explosion almost as violcjit 
jis that of nitvogcji chloride occurs. The anhydrous acid also inilamcs paj)er and 
Wood. Tills ari<l s.mu'tiines exjdodes when brought in contact with alcohol, at other 
times it lorms et liyl etlior ; it can be mixed with cold absolute alcohol, when it forms 
wlial A .Mielia<*l and W. 'P. (\jiin regard as ethyl perchlorate ; it is insoluble in carbon 
t(*f ra( hloi'ide and benzene; with benzene, it forms a carbonaceous substance. Per- 
chloric a('id explodes with well-dried ether ; ethyl pendilorate is not hn’incd by alcohol 
or hy ether. Vnhydrous perchloric acid with iodine forms delirpiescent needles of a 
su()staii(‘c with the composition IIl03(lo)3. wdiich wdien warmcal gives <d)’ 

iodine and leave.s iodic acid as a residue ; the acid inflames with sodimri iodide and 
livdriodic acid. Unlike soln. of chloric acid, an aq. soln. of perchloric acid is m»t 
reduced by sulphurous acid, or hydrogen sulphide, ni»r decomjnised by hydrocliloric 
or hydriodic acid, indeed, D. Tommasi, and M. IhirtluOot have, emphasized how very 
resistant aq. soln. of this acid arc to reducing agemts genevallv. ITce hvtlrogon 
does not r('(lue(» jierchlorie acid, nor does it reduce the fused acid at Ft is not 

rediu ed by zinc and magnesium, nor by a copfier zinc couple. R. Roth says that 
the 20 p(U‘ (*ent. acid attaeks most metals in the cold with the evolution of hydrogcji— 
very little reduction of the acid occurs, iletallic silver is dissolved by tlie acid as 
'■'il\'(U' jierc.hlorale, likewise also behave zinc, iron, Jiickol, meicuiy, coppiu*, leaf!, and 
fim Ars(‘nic and antimony give the trioxidcs which dissolve in hot G0-7t> j>er cent. 
a<‘id, file foi’imu* s(‘parates out as ar.senic tri()xide, the latter as .uil imony perchlorat(‘ : 
by ixhiing llu* soln. ar.s(mic and antimony jientoxidos are formed. Sehmium <lissolves 
ill the cold, formimz selimious acid, while sulphur and phosplioric acid ari* attacked 
(Uily by boiling with the cone. acid. Ulircmnnm is not altackid when heat(‘il witJi 
bo - 7 ’ > per f cnt. ])eiT)i]oric. acid, ilcrcurii^ chloride dissolve's in Die hot (‘one. acid, 
and sepai’aies out again as the soln. cools. Ainmonia i.s not o.xidizcd by p(U’(*hloric 
a,( hi ill tlie prc.scne(' of c.oiic,. vsulphuric, acid. II. ^l\mssaint “^ found lliat nitrous 
acid is not oxidized even wdien boiled with penddoric acid ; but V. \Vm1(‘l(.‘r d<M‘om- 
jiosed soln. of perchloric iuM by fuming nitric acid ; iodine in tlje (*old is oxidized 
to iodic a(‘id. Jb Sjolleina. reduced j)eri;hloric ae.id l)y boiling with neaiinil fciious 
hydroxide, but not wath acid ferrous salts; V. Roilmiund. by imvahmt titanium 
salts in acid soln., and by the ](iW'er oxide.s of vatiadium or molybdenum; but 
onl\ with extreme slowness by the lower oxides (d (‘luomiuni and taingsten. Ik'r- 
chlf»ra-tes arc also rcdue(>d by hy[)osiilphites. 

Perchloric anhydride, chlorine heptoxide, CI0O7.- A. Midun l and W. T. ( onn 

isoJatiMi tliis oxide, in PMU), liy abiding ardiydn.us perchloric acid \crv slnwlv to 
pliosplifULis pentovide- co(,led to — ItU, and aft(‘r ihe mixture lias stood for a‘day 
at -10 , (hstilling the produc.t at H 2 '\ Th(‘ reaction is synd>oJiz('d : 2JR1()4 j Pd).-, 
_^2irP()3+<1o() .. (TIorine heptoxide coruWes to a colourless volatile oil winch 
decomposes spontani'ously on standing for a few^ days, when it mapiircs a gHamish- 
yellow colour. TIk; prcjiaration of chlorine, lu'ptoxifh* is dangerous, for, add 
A. .Michael and A\ . T. (\>nn, “ tlu'. a])])a,ratus may lie virtually pulverized bv vioh'ut 
(^KpI()Slom and personal |)reeautions must be taken ac.cordingly.” Perchlorie anhy- 
dride is S(.)]iiblc in lamzeiie which it slowdy attacks ; it also reacts with iodine- slow'lv 
in darkness, ra|.idly in liglit forming what is supposed to be iodine [lentoxide, 
f._)<)5 ; but it do(‘S not K'act wdth bromiiK.-. Chlorine heyito-xidi* rtaicts slowdy wdth 
water, forming perchloric acid; it explodes on contac.t with flame, and by p(‘r 
cais.-^ion , it. may f)c p()ured on to organic mattm*- papiT, vv(;od. etc. - with im])Unil-v% 
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for the oil sijuiply volatilizes in air. P. Walden found that chlorine. Jieptoxide 
dissolves in phospliorus oxychloride, lowering the f.p. of the solvent in accoitl with 
the normal molecular state CI 2 O 7 . 

The properties o£ the perchlorates. — Perchloric acid in aq. soln. rcddons without 
bleaching blue litmus. Perchloric acid is a strong moni>basic acid which forms 
normal salts — ])crchlorates — of tlin typo AICIO4 ; with lead luid hisruntli oxides 
it forms what are consider'd to be basic perchlorates ; but no acid salts ii,r(! kn<jwn. 
The perchlorates are in general soluble in water, but the alkali j)(‘rclil(.)ratcs aie 
among the least soluble of the perchlorates, and on lliis fact is based a j^uithod for 
the gravimetric deterndnatioii of potassium in the presence of sodium. Indeed, 
perchloric acid is rejdacing the use of hydrochloro platinic acid for this purpose ; 
the cost is jnuch less, and the results arc satisfactory. Most of the perchlorates aje 
deliquescent; those of ammonium, potassium, lead, and merciiiy are not deliquescent. 
K. A. l[ofmaim-^ and his co-workers sJiowed that perchloric acid has nlso a temleucy 
to form crystalline compounds with many fe.eble organic bases- ('.//. ammonium, 
carbonium, and oxonium salts. 

The perchlorates and j)ermaoganates arc isomurj)lious, aiul iliis points to a 
similarity in the structure of each. The jierchlorates re(|iurc a liiglior tejup. for their 
decomposition than do the chlorates. The products are eilluT oxygen with ])ossibly 
a trace of chlorine and the metal chloride, or the. oxide and a mixture of chlorine 
and oxygen gases. The perchlorates detonate when project(‘d on to red-hot charcoal ; 
wh('n triturated with sulphur and charcoal ; or when melted with reducing agents. 
The perchlorates are not decomposed below by sulphuric acid ; by fuming 
hydrochloric acid, hot or cold ; and neither acid gives with ]>erchl()ratcs the yeiloAv 
coloration furnished by the chlorates. Towards the b.p., 40 per cent. sul]>hiiiic 
acid decomposes perchlorates into oxygen and chlorine. Roiling cone, nitric 
acid (jr fuming nitric acid decomposes imtassium perchlorate. l^Tchloric acid, in 
combination, is the most stable of the oxygen acids ; and D. Vitali has slmwn that 
in soln., the perchlorates are scarcely adected l)y the strongest reducing agents, 
which readily reduce the chlorates. D. Tominasi found tliat potassiujn per- 
chlorate S(jln. are not attacked by zinc or magnesium in acid or in cupric sul[>hatc 
soln. ; but perchlorates are easily reduced by thiosulphatcs without the evolution 
of hydrogen. J. G, Williams found that the perchlorates are reduced by titanium 
tricMoride, wliile the chlorates are not airccte<l, and based a ])rocess for the volu- 
metric deterruinatiou of perchlorates — in the presence of chlorates or clilorides — 
on this reaction. On the other hand, H. Kccles found tliat an aq. soln. of 
})otassiuni chlorate is reduced by the COpper-zinc COUple, while potassium, per- 
chlorate is not. 0. Loew and Iv. Aso found potas-^ium perchlorate is reduced in the 
presence of platinum black and glucose. T. Fairley detected no action between 
tlie pe.rchlorates and hydrogen peroxide. C. ZfUghelis found tliat potii.ssium per- 
chlorate in aq. soln. is reduci'd by hydrogen gcneratccl in an external vessel and 
passeil into the soln. tiirougli filter-paper or ])an?hment. Several metals are 
attacikod by fused percdiloratos as by fused chlorates. 

The detection and determination o£ the perchlorates^The perchlorates give 
no jirecipitatcs with silver nitrate or barium chloride soln. ; cone. soln. give a wliite 
crystalline precij)itate with potassium chloride. Unlike all the otlier oxy-acids of 
chlorine, a soln. of indigo is not decolorized by perchlorh*. acid, even after the 
addition of hydrocldoric acid ; and they do Jiot give the explosive chloriin^ dioxide 
wlien warmed with sulphuric a(a*(l ; unlike the (ddorates, tlie jierchloratcs arc not 
reduced by the copper-zinc couple, or sulpliur dioxide. Perclilorii* acid can f>e 
titrated with j->V-alka]i, using phenolplithaloin as indicator. The percldorales 
can be convertoii into chlorides by heat and the chlorides determined voliinndrically 
or gravimetrically ; they can be reduced to chloride by titanous su]{dnitc and 
titration of the excess of titanous sulphate with standard permanganate ; they can 
be fused with zinc chloride and the amount of chlorine liberated can be measured 
in terms of the iodine set free from a soln. of potassium iodide ; and they can bo 
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withi j^etaphoaplj^orio acid and potassit^in, iodide, a;id.the 
i^^t'^^/to^li^W^fehloratedecoihpd^^ed.^V'* \ ' ' ^7 / ^ 

The composition and constitution of perchloric acid. — TJie cottiposition’ oC 
perchloric acid ^\as estahlislied l)y F. von Stadion,'^^ and verified l>y J. L. Gay 
Lussac by tbo decoinjuxsition of potassium chlorate. 10*(>,‘l grams of perchloric 
acid were dissolved in uater, and treated with a small excess of potassium carbonate. 
The soln, was (^vaj>()rated to dryness with a slight excess of acetic aod, and washed 
\\ith absolute alcohol tc) remove the potassium acetate. The residual potassium 
perchlorate was dried and weighed. Tlie potassium ]>erchloiate was ignited to 
drive off the oxygen. I’he results wer(‘ : 

rotHbsium perchlorate .... 13\S.‘12() gnus. 

rotussiiim chlon<le, K(’l .... 7*4434 ,, 

Oxygen ...... (>'3S92 ,, 

The composition of the residual potassium ehloridt*, by a previous analysis, 
is kn()wn to ho KCl with a mol. Ti ob. Divide the amount ol oxygen ]>y Kh and 
the amount oi potassium chloiide by 74*r)f), to get the atomic ratio Kt1 : O. This 
was ound to be K(l:()- 1 : 4, corrcspouding with the emjiirical founula KClO^ 
for the potassium salt, and 11(104 l(»r the acid. If the a( id is monoba.sic tlie formula 
must be HCIO4 ; if dibasii*, etc. If the acid is dibasic, it wouhl 'ptohahly 

be possihle to })re])are an acid salt, KHd.^O^. The and salt lias not lieen made, 
hence the analytical data may be taken as ciKUimstant uil fwidciici' that tin* nioh'cular 
formula of the sail is K( KL 11ius, it is possible to estimate the probable mole- 
cular formula of an acid by chemical analysis, and, niutatis mutandis, also of the 
base. By the same argument it has been shown that the fojmula of li} dioiluoric* 
acid is probably 112^2^ because it behaves as a dibasic au'd. If this argument were 
ot general application it w'onld be intcricd that hyposuljiliuruus arid is monobasic 
JLSOo, because only one sciit's of salts are known This acid is. howwer, generally 
sn])posod to be dibasic, Jl2>^2G4. ( ^inseijiicutly , it must not tie supposeii that an 
acid must bo monobasic because it is known to furnL>li but one senes of normal, 
and no acid salts, becainse acids an' known which give no acid salts and are un- 
doubtedly dibasic. 

F. M. Uaoult^i found that the mol. wt. of potassium pt rchloiate, determined 
liy tli(3 raising of tlie b.p. of alcohol, agreed with the simple loiiniila K(104 i ^^^d a 
similar result w^as deduced liy J. ^M. (’ojfts iiom (he effect ot sodium chlorate on the 
f.p. of sodium sulphate. W. Ostwald's vahu's hy the specific coiiductii ity method 
gives A1021“ A32 Iff’G for ])otassium < hloiate, (unsonanl with the value tor 
monobasic acids. The great stal)ilily ol tlic p<‘rc}d(uates, as witli the ililoiatea, 
in com])arison with the (jtluu' oxv-adds (>1 chlorine makes tlio ciiam formula 
If -(j -O— U — 0 (1 a])])ear almost irialioiial, since sucli a cumjamnd would be 

unstable. 0. W. BlomstraiRr.s formula makes cliloiim' a lieptad in chloiine 
heptoxide, (loDy, aiul in jierchloric acll, fl(1()|. 


O ^Cl 0 0 

(V" () 

( hlo'inf' lieetoxule ( I <3-. 


o 

0 ' 

Pt-rrhloiio at ld, llClO.,. 


Thfi same formula makes O. S. (Senillas" hy<3raio, IIOIO4.II0O : the dihydrate, 
IICIO4.2H0O ; and the trihydrnte, Jf(’l04 .‘ingO, reapeetively : 


0 

^ SoH 

Moiiohydiato, H(JIO, H^O. 


110.^ /OH 

0 - (.17 OH 
HOX \0I1 

Dihydrate, HUO4.2H2O, 


HO 




HO 7 
HO' 


\ 


OH 

OH 


'J’liln'iriito, IK 10. !U ,0 



and oxyacids of chlorinb, etc/ ass; 

saltiSj.arc known . to correspond with the »0 a;80p|iei|iitioni5<^ th0 hypo- 
fchesi^J^aife not of niuch value. The septivalency of chlorine assumed to e^idaih the 
structure of percliloric acid and of its anhydride, agrees with the univaicncy of 
chlorine in hypochlorous acid, Cl. OH ; the tervalcncy of chlorine in chlorous acid, 
0 ^-C1““()H ; its quirique valency in chloric acid, 02 z'^Cl“-“ 0 H ; and its septivaleiicy 
in perchloric acid.^^ 

The higher the active valency of the halogen oxides the greater their stability. 
1’hus, perchloric acid is the most stable of all the oxyacids of chlorine. Siniilarl} 
iodine peutoxide is more stable than the lower oxides of iodine. Allied plieno- 
mena occur with many other elements. I'lius, each atom of chlorine in gold tri* 
clilorido is attracted with a greater force than the single chlorine atom in gold 
monochloride, AuCl, as is illustrated by the heats of formation of the two com])oun(]s 
per atom of chlorine- -thus ^{Au, Cl|j]~7*6 Cals. ; [Au, Clj—b'd Cals. In many 
other cases, the converse is true, aiul the higJior the active valency of an element 
the feebler its attractiv^e power for other alums. Thus, sexivalent chromium in 
chromic tri(^xide. Orljg, and tervulent chromium in chromium sesquioxide, Cr^Oa ; 
the heats of formation of the two comjxmnds ]jer atom of oxygen are resj>ectively 
40*7 Cals, and 89*3 Cals. The former breaks down at about and the latter 
does not part with its oxygen at lOCX)'^. 
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§ 15. Perbromic Acid and the Perbroniates 
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K. 11. Cook also faih-,i t.', iin.l tl,.7slhd,t J Vn, '7r'e 't A ^‘>'' '7 T ( 
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the perchlorates and periodates. Neither perbromic acid nor its salts have yet 
found a permanent place in the list of known chemical compounds. There is no 
known difference between the valency of bromine and chlorine or iodine which 
accounts for the non-success of the attempts to prepare perbromic acid or the 
perbromates. Hence, says P. W. Robertson : 

It socms probable that within a molecule there are in operation forces of attraction 
and repulsion, dependent on the mass and nature of the component atoms, causing inter- 
molecular vibrations of greater or less intensity. In the case of a molecule such as HBrOi, 
the vibrations would be so intense that such a system of atoms would not be capable of 
existence. 

The alleged substitution of chlorine by bromine or iodine in the oxy-acids of 
chlorine* — N. A. E. Millon showed in 1843 that when iodine is heated wdth a 
soln. of potassium chlorate and a small quantity of nitric acid, potassium iodate 
is formed ; and in 1834, A. J. Balard found that, contrary to expectation, hypo- 
chlorous acid will react with bromine to form broniic acid, because in the mutual 
displacement of chlorine, bromine, and iodine in the haloid salts and acids, the 
electro-negative tendency of bromine is much less tlian that of ehlorinc. A. J. Balard 
could not oxidize bromine by a cone. aoln. of chloric acid, or chlorine dioxide, 
although JI. Davy had made iodi(* acid by heating iodine with chlorine dioxide, 
as well as with chlorine monoxide or hypochlorous acid. 11. Kamiucrer’s reports 
of successful substitutions of chlorine by bromine — ejj. the formation of bromic 
acid from bromine and chloric acid ; the formation of perbromic^ acid by the actioh 
of bromine on the vapour of perchloric arid ; and the formation of periodic, acid 
by heating a c(;nc. sola, of perchloric acid with iodine — lack confirmation. This 
agrees with J. Thomsen’s observation (i) that the heat of formation of aq. bromic 
acid is considerably less than that of aq. chloric a(ud ; and (ii) that the direct replace- 
ment of chlorine in chloric and {perchloric a(;ids by iodine is more probable from a 
thermochemical point of view" than by bromine, for the lieat of formation of the 
oxy-acids of iodine is considerably greater than the <*orresponding chlorine acids. 
I'he alleged formation of periodic acid from penrhloric acid and iodine, has never 
led to the forr)xatioii of a high(*r state of oxidation than iodic acid ; hypochlorous and 
chloric acids have been used, and these are more vigorous oxidizing agents than 
})f3rchloric ai id. ^Similarly, when iodine and chlorine heptoxide react in the cold, 
iodine pentoxide will be formed as a fuming white powder provided an .explosion 
does not occur during the reaction. The formation of bromic or iodic* acid by the 
action of bromine or iodine on chloric a(;id is more probably an oxidation than a 
substitution process. 

Bromine is not acted on by nitric acid, chlorous acid, ])otassium permanganate, 
lead or mercury oxides, etc., hot or cold percldoric acid- even when the mixture 
is exposed to sunlight ; nor does bromine react with chlorine heptoxide. Conse- 
quently, it is })robable that tlic re])lacement of chlorine by bromine or iodine in 
several reactions admits of a different inter] )retation — namely, oxidation. Thus, 
(a) the formatio?\ of bromi(^ acid by the action of aq. hypochlorous acid and bromine 
under conditions where chloric acid is without action, is attributed by A. Michael 
and W. T. Ojiin to the tendency of hypochlorous acid to j)ass into chloric acid through 
the agency of water: HOOl j-2H20 -JK^lOa-t'^lL, followed by H2+HOCI--HCI 
Tlie presencjc of bromine favours the decomposition of water with the 
formation of hydrobroiuic acid, which reacts with hypochlorous acid, forming bromine 
chloride, which, in the presence of xvater and chlorine formed by the interaction 
of hydrochloric and h3q)()clilorous acid, is converted into bromic acid. The failure 
of chloric acid to effect the oxidation of bromine indirectly turns on the fact that 
this acid does not pass into perchloric acid so readily as hypochlorous acid passes 
into chloric acid. (6) The formation of bromic or iodic acid by the action of bromine 
or iodine on aq. ])otassiuiu chlorate is explained by A. Botilitzin bv assuming that 
the reaction between chlorine and sodium bromato : .jNaBr03d'3Cl2+3H20 
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--r)NaCl-j r)HBr03-f HClOg, proceeds more readily than the reaction between 
bromine and sodium chh^rate : oNaClOg+'^R^'i^ 

Neither reiiction proceeds by direct substitution, for the formation of bromic acid 
is due to the greater affinity of sodium for bromine than for the ClOg-radiclo ; this 
causes a decom]>usitioii wif Ji the intervention of water, and tlie formation of hy{)0- 
bromous acid wliich is oxidized to bromic aedd. Tlie reaction is thus essentially 
tlie same in character as the formation of sodium brojuate from bromine and sodium 
hydroxide. 
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§ 16. Periodic Acid and the Periodates 

Periodic acid was di.scovered by F. Ammenuulier and (!. Magnus ^ a1)<)Ut 1833, 
and described in their })ap(*r Uehcr vine nnnn Vrrhltfilunif Jvs Jiu/s nuf SaucrslojJ- - 
(lie Zleberjodsiiifte. Pi rioilie. (tnlnfiJ ride uv iad ine he pfiu ide, IjO-. coiKvsponding with 
A. Michael and \V, T. (Amn's [)erelilorie anhydride, (’L()7, lias not b(‘en definitely 
isolated. M. Bongit'ser's claim to have made it by Jieating the hydrate to 160^ 
\s'as contradicted I»y C. hanglois and C. F. Rannnelsherg, who sIiowimI that iodine 
pentoxide, l20r,, not iodine lieptoxidty fornuMl undin- thesr* conditi«)ns. 

A. B. Lamb's attempt to ])re[)an‘ ])eri()di<* anhydride by tr(‘ating [leriodic acid witJi 
ac<‘tyl chloride, acetic anhvdridt*, or anhydrous |>crchlori<* acid proveal futile : and 
the product obtained by A. Michael and W. 'J\ Conn by tn^ating chlorine lieploxidi' 
wdth iodine, at first thought to la* iodine he|)toxid<*, was really iodine pentoxide. 
J. Ogier’s mixture of oxides, obtained by the actiun of »‘leclric sjiarks on a mixture 
of iodine vapour and oxyg(‘n, is said to ('ontaiii iodine liejitoxide, but tliis lias not 
boon o.stablished. 

The nomenclature of the periodic acid and the periodates. The periodates 

forma c.om[)lex series of salts - most- of wdiieli can la* ii'garded as fhnivatives of 
acids genetically related with the. hypothetical period i(‘ anhyd ride, that is iodine 
heptoxidr, Hfly, by re])Iacing the oxygen atoms, oin* by one, with (up hydroxyl 
groups, as illustrated in Table 111. When one a.nhydride forms a seri(*s of acids 
by union with difb'rent amounts of \sat<*r. tin* acid containing most wati'r is called 
tin* ortho-acid from tin* (rre(*k npdns;, regular; the oilier acids have jirc'fixes, 
making para-acid - -from tin* (lt(‘ek Trap/, beside* ; nieso-acid from the Greek /cepos', 
middle, intermediate* ; and meta-acid — from the (Leek p^rd, ]>eyond, less than the. 
highest. Tlie di-acids are supposed to lx* fonnc'd bv the alist rac't ion of one mohuade 
of vv^ater from two molecules of acicl. Wiiat is liere called para- periodic acid is oft<*n 
regarded a.s orllio-periodie acid, on the a.ssum]>tion that tin* pc*ri()dic ac‘ids have a 
quinrpievalent- niiclc'iis or I()-group, thus making 10(011)5 ortlioperiodic 8xid ; 
102(011)3, meso-pcriodic acid ; ancl 103(011), meta-period ic a<*id. The last iwtj 
terms correspond Nvith tliosc indicated in Table 111. 

It will be evid(*nt that if the acids arc polybasic-, we can imagine available^ 
bydrogc*!! atoms r(‘.plac‘cd one. by one. If all the* availaf^le hydrogen atoms an^ 
r(*placc(l ]>y basc^s, the normal Salt i-s obtained ; if only one of the availalih* liydrogc.n 
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atoms is replaced, the primary salt ; if two, tJie secondary salt ; if three, the tertiary 
salt ; if four, the quaternary salt ; if five, the quinqinary salt ; etc. For exHnii)le, 

Taulk hi.*— Thk periodic Acidh. 


with 


, Kmaiitcal 


S.hUs. 

tVanixMiiula foniied. foririula 

1 of acid. 

Name of aidd. i 

1 

7H ,0 

faCOH),.,; 

or 21(011), H.,IO- 

i 

Ortho -periodic acid i 

JSTo salts known. 


hO(OH),, 

HjoLOii 

Dioriho-pe-riodic acid . 

' 

Salts havo been re- 


))Orted ; probably 
mixtures. 




5HoO 

1 , 0 ,( 011), 0 

; or 210 ( 0 H), 

IVira- periodic acid i 

Afe'slO,; AgjTlalO, : 





etc. 

411^0 

I.Oj(OH), 

H.f, 0 ,, 

1 l)ipara-p<*rj(>die acid : 

Salts have been re- 



1 

1 

jiortr'd; probably 
mixtures. 

311.0 

1 , 0 ,,( 0 H)« ; 

or 210 ,( 011)3 H 3 IO, 

i ]\r(‘SO-periodir* acid 

AgalO^; PK,(I 0 s) 2 ; 




1 1 

etc. 

2 H>() 

1 .. 0 ,( 011 )« 


f Dina^so- periodic aeitl 

1 \ 4 J 2 O 0 

nCo 

i:<M()H)„ ; 

or 2 r 030 U -HIO 4 

: M<4a-])(‘iio<lie acid ! 

1 x 104 ; Agl 04 ; etc. 


if be used to represent a univalent atom or radicle, the various salts of para- 
periodic. acid JI5TO2 would be represented : 


NoriniU. 

rdniaiy. 

Sccondaiy. 

Tortiarv. 

Quateriiar.v. 

I0(0M)5 

I0(0M)(0H)4 

lO( 0 M)a(OH);, 

io((»r).5(on)3 

IO(OM) 4 (OH) 

M 5 IO 0 

MH 41 O 0 

M2H3IO,, 

M3U0IO6 

Ar.,HIOe 


The preparation of periodic acid and the periodates. -The most general and 
important ni<*tIiod of ju‘e])aring j)eriodic acid dc])ends on the oxidation of iodates 
in alkaline soln. by means of chlorine: NaJ ( >3 f-3NaOH-fCl2 — Na2 11310(5 { 2Na(.!l. 
This method was used by F. Amiuernuiller and (r. Magnus/^ the discoverers of this 
achl, and W. Kimmins has shown that if the soln. is sat. in the cold, sparingly 
solul)le. secondary sodium paraperiodatc, Na^H^lUt',, is formed, but if tJie mixture 
is boiling, tertiary sodium paraperiodate, Xa^^lLIOfi, is formed ; and at intermediate 
( ciup. mixtures oftlie.se two salts are obtained. According to »J. JMiilipp, if potassium 
hydroxide and iodato are iiserl, potas.sium chlorate, and pota.ssium ineta-periodate, 
KIO4, J^re produced: KUl^ \-:ilWU+VL - IU 0 \ If the mole^ 

cular ratio of K. 01 I to KIO^ in the soln. be 3 : 1 , not (juite two-thirds of the (juan- 
titles repK'senfed by this erpiation are obtained ; if the molecular ratio be 2 : 1, 
le.ss than half tliese quantities are produced ; while if chlorine acts on potassium 
iodato alone, only a small (juantity of periodate is formed. If potassium iodate 
soln. is eva])orated, G. .Magnus and F. Ammcrmullcr say the product is K4T20(), 
while C. W. Kimmins makes it 


A brisk cuiToiit of <*hlorino is h’d into a boiling It) pt'i* cont. soln. of alkali lye containing 
the cq. of tlO grrjis. of sodium liydroxide, anti in which 12 7 grms. of iinely powdcivtl iodine 
Hi(‘ Huspendt^d ; wljen t ho precipitate which is suddenly formed begins to eanst» bumping, tlio 
Hume is removed, and tiu*. current of chlorine cuntinut'd until no inoio white precipitate of 
NhjI is foj iiicd. While t lie litpiid is still warm, t he precipitate is collected on a Hiichner’s 
funnel, and tlioioughly washed with cold wait'r, anti tlried in asti am-bath. An 80 ptu eont. 
yield or 22 gnus, of tlie salt are obtained. The sodium salt is converted into silver ])eriodate 
by suspf'ruling it in a lioiling dil. soln. containing the t'q. of 3 mol. of silver nitrate, the 
lifjnid i.s boiled, filteretl hot, and the black precipitate of silver iodate, Ag,,fO;„ washed with 
water. 'Hu* tilt rate eontains some nitric acid, and some silver periotlate, AgoHalOrt. The 
silver iotiute ran tie rt'covered from the filtrate by evaporation to a small vmlume, and, on 
cooling, gohlen-ytdlow^ crystals of AggiyjOe separatt' H. L. Welts'* now obtains the 

acid by sus}>eiuiing lh<' moist silver iodate in a little water, and loading in eblorine gas, 
with agitation, unt il the prccipitale is almost white. 'I’he silver elHoride ean thi'ii be reiiiovcil 
by liJtration. Tlio lilt rate w hen cone, finst on a w ater-bath, and then over cone, sulphuric 
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aoid, gives a crop of crystals of periodic acid. According to II. Kainmercr, bromine acts 
better than chlorine, because if any bromic acid is formed, it is completely decomposed by 
evaporation without leaving any residue. 

The oxidation of iodatc to periodate can also be effected by adding an excess 
of hypochlorite instead of chlorine. ^ C. F. Rammelsberg ® made the periodates 
by the calcination of the iodates of the alkaline earths : 5Ba{I03)2=Ba5(I0(»)2 
+412+902. but K. H. Cook obtained no periodate during the calcination of the 
alkali Iodates. C. F. Rammelsberg also oxidized barixim iodide by heating a 
mixture of it with barium peroxide: Balg-f 8Ba02“Ba5(I0(5)2+4Ba0 ; iodine 
may be used in place of the iodide : 2l2+6Ba02— Ba5(I06)2+Bal2. 0. Rammels- 

berg assumed that the periodate is not formed during the ignition, but afterw'^ards 
when the mass is treated writh water. When an intimate mixture of sodium peroxide 
and iodine is touched w'itli the tip of a red-hot wire, the whole mass hecomes incan- 
descent, and a mixture of sparingly soluble periodate and soluble .sodium iodate is 
formed. The latter with tlie uncombined iodine are leaithed out by water. Barium 
calcium or strontium paraperiodate is also made by heating the corresponding 
iodate alone : r)Ba(l()3)2~Ba5(IO(j)2 f 41.2+902. C. F. Rammelsberg also obtained 
barium iodate. liy heating barium iodide in a stream of air u)) to the ])oint at which 
it begins to develop iodine vaf)our : 5Bal24 bO.j— Ba5(IO(02*^4f2. F. Cross 
and S. Seguira found that the periodates are also made by heating carbonates or 
oxides in a stream of iodine vapour, but, according to J. C. (i. de Marignac, not by 
the action of oxygen on heated iodates. Similarly, M. Ifdhnel obtained sparingl}" 
soluble sodium periodate, Na2lf3lO(i, by the action of sodium peroxiile upon iodine 
suspended in water. According to E. H. Riesenfeld and F. Bencker, ozone is witliout 
action on acid or neutral solii. of potassium iodate, but alkaline soln. are oxidized 
to periodates. Ozone is without action on periodates. According to E. Pochard, 
ozone converts potassium iodide into the periodate, which then reai ts with the 
excess of pot.'issium iodide, forming the iodate. According to V. Augur, the idea 
that ozone acting ii])on a soln. of potassium iodide foijns periodati* has arisen from 
the idea tliat iodine is liberated from a mixture of ])otassium iodide and periodate 
but not from a mi.\turc of t he iodide and iodate, whereas iodine is liberated by carbon 
dioxide from the last-named mixture unless a largi' excess of sodium bi(‘arbonate is 
present. The test for the periodate is tlnuefore vitiated unless pjccaiitions be 
taken to exclude carbon dioxide. J. Philipp oxidized iodine trichloride in boiling 
water containing an excess of liJiely-divided silver oxide in susj>ension, and E. Preuss 
oxidized iodine by adding it to molten silver nitrate. 

H. Kammerer^ believed that iodine and chlorine exchanged places when an 
aq. soln. of perchloric acid is healed with iodine: 211CI0.4 + 12+4II20-- 2H5IO0 
-fClo. The chlorine may be expelled by warming tl)f‘ liquid in a "water-bath. The 
action proceeds more rapidly th(^ luore cone, the perchloric acid : A. Michael and 
W. T. Conn could get no periodic acid by iJie process indicated by H. Kammerer, 
and it is l)elieved that the reactioii really involves an oxidation of the iodine by the 
perchloric acid. As is generally the l ase with acuds and their salts, many periodates 
are obtained by the dir<‘et ai tion of periodic aeid on the liydroxides or carbonates 
of the metals, and by the treatment of soln. of tlio alkali periodates with salts of the 
metals which give sparingly soluhlc ])eriodates — cj/, silver, barium, lead, copper, 
cadmium, mercury, nickel, iron, etc. Similarly, a soln. of the acid is obtained by 
the action <.d sul])huric acid on barium periodate (F. Selmons),^ or lead periodate 
(M. Bengieser) ; (U' of chlorim; or bromine on silver mcta])eriodate, Agl04 
(H. KamnuMor). 

The Kj)ann^ly seinUle sccomUirj,' Hoebtim pamperioilate, NOj^HalOrt, readily dissolves in 
dil. nitric aeid, and h, Airunenniiller aiul (t, Magnus added silver nitrate to the cold soln. 
and obtainy.d an onmgt'-yi'llovv ]>recipilate of seeominry silver paraperiodate, Ag-jlIdOfi. 
Th<'. precipitato was (lissolviMl in hoi diJ. nitric acid and cone, on a wator*bath wlicn; orang<^- 
colouri*d ( lyslal.s of Kilver metaperiod ato, AgT04, were precipitated : 2Ag2ll3l()y4 2 HNO.t 
~2Agl04 f 2 AgNC>, -}- 2 il.A), The crystals were collected and when treated with cold 
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Wtttorparaperiodic acid, H5IO0, and secondary silver paraporiodatc, AggHnIOc, were i'ormod 
in accord with the equation: 2AgI04-f 4M20“H5l0<,4-Ag2H3l0«. The periodic acid 
crystallizes from the clear licpiid after it has been cone, on the water-bath, and evaporated 
over sulphuric acid in vacuo. 

C* W. Kimmins’ ® study of the periodates of silver has sJiown that the composi- 
tion of the precipitate depends upon the concentration of the nitric acid in which 
the sodium peiiodate is dissolved when the silver nitrate is added. If the amount 
of nitric acid he just suflicient to effect the dissolution of the sodium salt, a dark 
broivn precipitate of secondary silver mesoiodatc, Ag2HI03, is formed ; if but a 
slight excess of nitric acid is iised dark-red secondary silver paraperiodate is formed, 
Ag2H3l06 ; if a further excess of nitric acid is used, slate-coloured tertiary silver 
paraperiodate, AggH^lOo, is h)rined ; and if cone, nitric acid be used in cxcesS; 
monohydrated silver metaperiodate, Ag!04.H20, is formed in orange crystals. 

Periodic acid and the periodates are formed by the electrolysis of soln. of iodic 
acid on the iodates or iodides,!^ but if the electrolysis lie conducted in a cell with- 
out a diaphragm, no hydrogen is evolved because it is all used in reducing the iodatc, 
and after the electrolysivS has proceeded for some time, the evolution of oxygen also 
ceases. Any further electrolysis does not alter the ratio of the iodide to iodatc, for 
as fast as iodatc is formed on the anode it is reduced on the cathode. Neutral soln. 
of iodates are not oxidized to periodates, and in alkaline soln. the presence of potas- 
sium chromate does not prevent the cathode reduction of iodatc to iodide. E. Muller 
electrolysed a 50 per cent. soln. of iodic acid confined as anode liquid either in a 
porous cell, or hy means of an earthenware diaphragm. A 2iV-H2H04 soln. was 
used as cathode liquid. The cathode was a piece of platinum foil, the anode is 
either made of platinum or a lead tube coated with lead peroxide. A current 
density of 0*8 amp. jier sq. dm., and 1 to *3 volts at a temp, of Iodates in 

soln. rendered alkaline with 4 per cent, of sodium hydroxide can also be used as 
anode liquid. A 25 per cent, yield is then obtained. The electrolysis of an alkaline 
soln. of potassium iodatc gives a precipitate of potassium periodate, KIO4 ; 
sodium iodatc, a precipitate of NaoH^lOg. A low current density and low temp, 
increase tlie yield. The yield is also augmented to some extent by the use of 
chromates. 

The properties of periodic acid and the periodates ~ According to C. F. Rammels- 
berg,^i paraperiodic acid, II5IO6, i.e, 10(011)5, separates from its aq. soln, as deli- 
quescent colourless prisms which resemble gypsum, and are probably monoclinic, 
"i’hc crystals melt according to M. Bengieser at ; according to A. Rosenheim 
and E. Lowenihal, between 129'^ and 130^^ ; and according to C. Langlois, at 
KH"" ± 4 5'^. E. Ijowcnthal says that the acid begins to decompose bet/wcen 121" 
and 122", and that the m.p. is somewhat obscured in conse(iuence. According to 
0. F. Rammelsberg, the molten acid begins to decompose between 133" and 138", 
and at 138"-140" decomposition is complete ; th(‘ products arc water, ozonized 
oxygen, and iodine pentoxide. M. Bengieser thoiiglit that at 1(50" the molten acid 
forms periodic anhydride, I2O7, which passes into iodine pentoxide, I2O5, at 190" : 
but these statements were contradicted by C. G. Lautsch, C. Langlois, and C. F. Ram- 
melsberg. By heating paraperiodic acid for 20 to 25 hrs. under reduced press. 
(12 mm.) at 100", that is, until the weight is constant, A. B. Lamb obtained a w'hite 
residue whose composition corresponded witli normal periodic acid, HIO4, and which 
is therefore meta->periodic acid, JllOi. The product dissolves in water with a 
hissing noise, sulilimes at 110", and at 138" furnishes iodine pentoxide, I2O5. The 
intermediate rmso-periodic acid, H3IO5, was not observed. A. Rosenheim and 
E. Lowc.ntlial found that periodic acid resembles telluric acid more, than it does 
perchloric acid, and the periodates are more like tcllurates than they are like 
perchlorates. 

According to C. Langlois, periodic acid is slightly soluble in alcohol, less soluble 
in ether, and very soluble in water. The aq. soln. is colourless and has an acid 
reaction. According to J. Thomsen, ^2 the specific volume, of a<p soln. of the 
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compy.sitiou Ur,l<.>o I «1L<> at 17'’ i« r- -!’»!) () |-1S>/ ; iiJi<l tJic*. specific gravity, „i 
the same temp. {o'J tj i-18a)<!J--228-|- 18« : 


n . . . 20 10 

if .. . 1-4008 

Voliinio dilTorenco r>0-8 flO-.'l 


«0 JtiO a 20 H,,() 

I -11 21 1-0570 I •0288 

(10 0 fiO -2 00 0 1 !.(\ 


wJiere the last line rej)rcseufs tlie (litl'erenre iit vr)linm“ between the soln. and solvent, 
calculated per mol. of solute. Idio molecular heat of solution in 240 !U(>L 

of water is - l t‘38 Cals. ; the heat oE formation from its elements is: | go 

-f ror M<8r>*78 C’ids. ; and in soln.; 1 HOd-OH I Aq. - 

i-18C4 Cals.; and for [ 40 | 11 f Aq. - HK >1^,,. J. Tliomscii ^dvos 47‘(i.S 

Cals., and iT. Berthelot, bo'o Cals. 1’ he heat of neutralization, as with the heat of 
soln., increases st(‘|) by step with increasing amounts of alkali. Accordiiitr to 
J. Thomsen, the heat of neutralization. (J, of a mol of parii])criodie acid, }b,lOo, 
hy )} mol. of ])otassiuni liydroxide -all in soln.-- is 


n 

1 

If) 



5 KOll 

Q 

. rA\i 

l(ir)a 

20-5!t 

2U-2:{ 20*74 

;{2 oi chIh. 


Ai-ld. 

Xeiitral. 


Alkali Mf»lu. 



Consequently the addition of the tirst mol of KOil furnishes o’ Jo (’als. ; tJie second, 
21*44 tills. ; the third. O’lb Cals. ; and tlie fonrtli and lifth, 2*3 Cals. Tin* jm*an 
of the tirst t wo \odues is 13*195, corresp(mdin;j: with tin' normal valn<‘ for stioui'lv" 
ionized acids. Tliis is said to be a eluincc result. J. Tbomsem infers that 
periodic add is dibasic., and writes the formula J()^IL»(0il)o ; or I)elter still 
tetrabasic Io()gH(j(()H)4, and be writes the formula -oxygen (juadri vah'iit, iodine- 
univalent — 


J1 H JI ij 

O O () 

/\ /'v A 

IIM nil JJII 


A. Basarow and L, JMeyer objectevi to ,1. Thnniscn’s hypothesis. A, J3asarow 
regards iodine as s(*ptivalent arnl assuFut's parapt'ri(»dic acid mritain live liydroxvl 
groups, (HO)o : 10;(lf-t))3, two of which behave* as acidic*, hydroxyls, arid thr(‘e as 
a 1(30 h ol ic 1 1 y( 1 r( > xy 1 s . 

The molecular conductivity of ]K.*riodie aidd in .soln. containing one* mol in v 
litres of water has b(*-en determined ])y W. Ostwald,^*^ A. ib)senheim, and 
E. Lowenthal The two sets of det(*rminatiuns are ((meordant. C. Kohlr’auscdi 
gives 48 and 04 for the mobilili(\s of tlie lO^' and dO/ ions respectively oji the 
assumption that tliis ionization is: IllOy II* i lO^', the ealenlalc*d ionization 
constant K does not change much with dilution. Assuming tin* mobility 
of the hydrogen is 338 at 25 , VI Kotlmmnd and K. Dnu ker have, (‘alenhited the 
degrees of ionization, a. and tlie ionization eonstaiits A', from W. Ostwahls eq. 
conductivities A : 


V 

4 

i)> 

32 

(it 

I 2 S 

2 . 7 (i 

512 

I 02 t 

A 

lOS 

] 7 !» 

223 

270 

312 

34 S 

374 

387 

a 

. o* 27 :t 

0-152 

o* 5 e;{ 

()MiS 2 

0 * 7 .SS 

O’SSO 

0*945 

0*978 

K 

. 0 025 U 

0 () 2:!4 

0*0227 

0*0229 

0*0229 

00252 

0*0310 

00425 


3dic value (jf h is fairly constant lietween r --8 and c--128, but it increast's witli 
still greater dilutions, ])ossibly owing to an incr<*a..se in the str(*.ngtb of the. acid forma- 
tion of more complex molecules. The condiudivity measurements do not decide 
whether periodic acid is to lie regarded as a binary electrolyte with anions 10/ 
or hydrated anions JI2IO5' or II4TOV. 
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A. Koaenhciiii and E. Lowenthal measured tlie effect of periodic acid on the 
b.j). and f.p. of water. Idiey found : 


Grms.H.J(>6 in 25 grms. watcir 
Elevation of b.p. 

Dcprcftsion of f.p. 

Mol. wt. . 


0*5696 

010 ^ 

118*3 


3*369 

0 * 51 ^^ 

137*4 


0*2808 

0 * 148 '" 

173*2 


1 *3342 

0 * 648 ^ 

190*4 


4*810 

2*138 

208*1 


The theoretical mol wt. for ILJO^ is 227-96. The ebulliscope iueasurem(?nts sliow 
that the acid is probably ionized like a l^inary electrolyte: Jf5lO(i“ H'-f H4IO0' 
ill boiling aq. soln., while the <*ryo.scopic ni<‘a.suremenis of the 5 per cent. soln. show 
that the ionization is not so very marked, and becomes very small with the 12 to 
20 ])er cent. soln. Taken in conjunction with the conductivity measurements, these 
results are taken to show that polymerized molecules are probably present in the 
cold soln. This c;onc]nsion is in accord with the results obtained with telluric acid. 

A. Rosenheim and E. Lciwcnthal determined the concentration of tlie hydrogen 
ion in O’OoA^-soln. of HslOrt, NaH4fOo, and NaoHglOg by S. Jl L. Sorensen's indicator 
method, and found respectively () xlO~ *l 4‘0r)X. 10 and G‘0 x 10 By com- 
parison with the value for O OliV-IK’l -4*3x10 *1 and for A^-acetic acid. 9 7 XlO ^*. 
it follows that periodic acid is intermediate between strong hydrochloric acid and 
weak acetic acid. 

F. Ammcrmiillcr and (I Magnus made no utt(*m|>t to determine the basicity 
of the l'd)('rjo(hdnrc whie'li they had discovered. From the behaviour of the acid 
at a high temp., V. Lariglois and C. (f. Lautscli irderred that ]>eriodic acid is penta- 
basic. ; and from his study of silver* pcTiodatc. F. W. Fcrlunfls regarded the acid 
as tribasic. In the a.ttcmj)t to find the basicity of j>criodic acid, AVI Ostwald^^' 
ex[>resscd his belief tliat Ids measurement.s of the electrical conductivity of soln. 
of periodic acid agn‘ed latter with tlie assunqdion that this acid is polybasic rather 
than monobasic ; but 11 Walden's determinations with jiionosodium periodate 
show that this is the neutral salt of a monobasic acid : A|q 24 — A32 — 11‘3 at 25*^'; 
and P. Wahlen regards the salts in which the ratio Na : 1- 2 : 1 are not dibasic, 
salts, but rather salts of dimvao periodic acid. II4I2DJ), which he calls PpwperjiHhdarc^ 
aud salts coutainiug five atoms for one molecule of the hydrate Il5l0(j, basische 
Sahe. Oil the other hand. A, Hosenluam and O. Liebkiiccht say that with feeble 
bases like silvm*, periodic acid beliaves like a pcntabasic acid, while with strong 
bases it behaves like monobasic mctaperh)di(' acid, HIO4, a view which F. Giolitti 
belicve.s is supported hy th(‘ behaviour of the copper ])criodates wdiicli make periodic 
acid jientabasic, while tlic lead p<*riodatevS make tliis acid tribasic. Hence, added 
F. Giolitti, fhr aortna! basicilfj of periodic avid vjunatt hr decided from chcaucal coasidera- 
Hons alone. 

Wliile perchloric acid beliavi's as a monobasic acid when titrated wdtli litmus, 
metliyl orange, or ])lienol|)hthalein as indicator, j)eriodi<* acid is monobasiii only 
when titrated with methyl orange since with the other indicators the changes of 
colour are gradual and indistinct. F. Giolitti also found periodic acid to be mono- 
basic t-ow^ards sodium hydroxide with methyl orange as indicator, but dibasic w^heii 
the neutral ])oint is determined elec.trometrically. R. Dulnisay has also shown by 
a surface tension method that periodic acid behav(‘s towards alkalies as a tribasic 
acid. A. Hosenheim and E. Ldwimthal have shown that by using methyl orange as 
indicator, juuiodic acid can be quantitatively converted by titration into NaJ]4l06, 
and by using tliyniol plithaleiri as indicator, it can be converted into NaoH^IOcv 

E. (V)rn<‘C has shown that the lowering of the f.j). of the soln. of jieriodic acid 
and sodium or jioiassium hydroxide.s cannot be followed throughout owing to the. 
low solubilities of some of the salts. The curves showing the relation betw*een the 
<lopre.ssion of the f.p. and the proportion of alkali show breaks corresponding wdth 
acid : base as 1:1, 1:2, and I : 3 for potassium and sodium salts, and 1 : 1 and 
1 : 2 for ammonium salts. When an aq. soln. of periodic acid is treated wdth sodium 
hydroxide, the first action appears to be a neutralization of the acid molecules, 
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11104, forming Nal04 ; as more s(Hjiiiiii hydroxide is added, the NUIO4 luulecuh 
arc transformed into the neutral salt, Ni^IoOq, of the unknown acid H4I2O9. 'riu 
salt is sparingly soluble, and sej)ariites from the s,oln* .Siniilar phenomena arr 
observed with potassium hydroxide, but the potassium salt, is fairly soluble, 

and further additions of potassium hydroxide lead to the formation of a neutral 
salt, KylOe, and when all is converted, subsequent additions of alkali give a soln. 
containing mixtures of K^IOo and KOH. Hence, successive additions of alkali 
to a soln. of periodic acid furnish neutral salts corresponding Vfith three different 
periodic acids; HIO4, H4loOy, and HalOo- Hence, J. Thomsen’s data for the 
thermal (changes which occur when potassium hydroxide acts upon periodic acid - 
whero with the first mol. 510 Cals, arc evolved ; 21*5 Cals, with the second ; am) 
3*1 Cals, with the third refer not to the simple neutralization of a poly basic acid, 
but rather to the evolutions of heat in three totally different reactions. 

The electrical conductivities \V. Ostwald and P. Walden's rule— the lowering 
of the f.p., and the raising of the b.p. of the 1 : 1 periodates, corresjiond with the 
sijiiple formula* MI()4 and M(1()4. Similar evidence for the corresponding acids 
shows that a<p soln. contain respectively the molecules 11104 and ]IC1()4, and that 
the so-called para-periodic acid. H4IO9, which crystallizes from soln. of periodir 
acid is a dihydratc, HI0t.21l20, which is more stable than the acid itself. Thin 
recalls the relatively great stability of the hydrates of percliloric acid. 

Again, the electrical condncfivitie.s- W. Ostwald and l^ W'alden's rule — show 
that the simplest formula for the 1 : 2 periodates is M4I2O9, and therefore the three 
known solid I : 2 periodates should Jiot be fornuilated Na2lf3TOo ; K2II3IO9 ; and 
(NH4)2H3lOo. but rather Na4l209.3fLO ; K4l20(j.3H20 ; and (NH4)4l20y.3ll2f > 
res})ectively. This inference is in accor<l with the fact that the potassium salt loses 
the eq. of nine molecules of water when driecl over sulphuric acid ; that th(‘. sodium 
salt loses its three molecules of water at 200 ; aiul tlie ammonium salt its thre,(i 
niolecules of water at KK’)' all without decom])osition. The lowering of the f.[). 
and the application (»f W. Ostwald and P. Wahleii's rule show that the most simpler 
formula for the 1 : 3 periodates is AI3IO5, and accordingly, tlic potassium and 
sodium salts are respectively Iv^lOs lll.A> and Na^lOrj.lLO. 

Paraperiodic acid does not lose in weight wlieu dried at 100 ', or over ccni. 
sulphuric acid. According to A. B. Lainl),*** whej\ j>araperiodic acid, H5lOc„ 
or what is considered to bo. the same thing, H1()4.2H20, is heated to 110 ’ under 
ordinary press., or at 100^ under a ])re.ss, of 12 nun., it dcconipus(*s, and the residue 
has a comj)ositifm corresponding with Hli)^ ; at 13 M then^ is mucli sublimation, 
and large quantities of iodiiuj pentoxkle, are formed. Most of the ]K*riodates 

when heated up to about 3tK)'' lose o.xygon, and arc transformed into kahites ; at 
a still higher temp., iodine and oxygen are (-volved, and this the more the smaller 
the riitio of metal to acid. Some of the metaperiodati-s are inclijicd to decompose 
explosively, while the periodates of the stronger bases can be heated to redness 
without decomposition. According to (J. h\ Rammelsberg, aq. soln. of periodic^ 
acid or of sodium metaj)erir)date, acquire a pale yellow colour on standings and give 
a smell recalling that of ozone, while P. Walden says that a iiV-soln. of periodic 
acid develoj^s the ozone smell after it has stood for an hour, and iodates are slowly 
formed ; the decomposition is quicker if an acr eptor for the oxygen be present- c.r/. 
potassium iodide. W. Lenz and E. Richter could find no hydrogen peroxide in 
aq. soln. of periodi<; acid. Aq. soln. of the acid can be boiled witliout decompo- 
sition. According to 8. Tanatar, hydrogen peroxide first reduces j)eriodic to iodic 
acid, and thoti decomposes the latter ; while, according to E. M filler, peTiodatc.s 
are decomposed with the evolution of oxygen. 8(3dium periodate is slowly decom- 
posed by hydrogen peroxide, forming sodium iodatc wdth the liberation of oxygen. 
When a dil. soln, of periodic acid is similarly treated, the acid is completely reduced 
to iodic acid with the separation of only a trace of iodine ; with a oouc. soln., the 
reaction is incomplete and much iodine is separated. According to V. Auger, the 
salt Na4l209.3H2f) gives sodium iodate and a larger amount of oxygen than 
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corresponds with tlie reaction: Na2H3lO(5-hH202— NalOy i NaOlI+02, 

owing to the catalytic decomposition of the peroxide. 

Periodic acid and the periodates act as energetic o;i;idj icing agents and produce 
effects similar to those obtained with iodic acid. According to M. Bengieser, 
phospborus is oxidized to pliosphoric acid by periodic acid ; anc forms zinc oxide ; 
iron forms ferric oxide ; copper forms cupric iodate, 011(103)2 ; while mercury^ 
tin, and lead are only slightly attacked. C. F. Rammelsberg found that periodic 
acid or the periodates convert ferrous osdde into ferric iodate, and mauganous 
oxide into hydrated manganese dioxide and manganous iodate; according to 
H. Kammerer, bismuth oxide, 61203, is oxidized to bismuth dioxide. D. Vitali 
has studied the effect of various reducing agents on the periodates and shovrn 
that they behave like the iodates. M. Bengieser found acetic, formic, OxaUc, and 
tartaric acids to be slowly oxidized to water and carbon dioxide by periodic acid 
or by periodates, and E. Pechard found the reaction with oxalic acid proceeds rapidly 
if manganese sulphate, MnSOi. be present ; and (). l^oew and K. Aso found potas- 
sium periodate is reduced by glucose. 0. Langlois showed that periodic acid, 
and 0. F. Rammelsberg that p<^riodates, are immediately decomposed by SUlphUT 
dioxide, hydrogen sulphide, and cone, sulphuric acid. F. Selnmns has published 
an investigation : IJeher die Zeitdauer der Reaction zwischen Ueherjodsdure und 
SchweJli(jers(iure (Berlin, 1887) from whi(*h it would appear that the reaction proceeds: 
HaSOa+HIO^-IL^SO^-finOs; and also 41I2803+H1()4--*1H2»D4 f HI and the 
hydriodic acid so formed is oxidized by the remaining j>eiiodi(j acid to iodine, for 
periodic acid was shown by C. F. Rammelsberg to be reduced l)y hydriodic acid or 
potassium iodide, with the separation of iodine. F. Aminermuller and G. Magnus 
also showed that hydrochloric acid is likewise reduced : HIO4+2HCI —IllOa 
4 H20-j-('l2. Acid soln. of tlie metaperiodates are reduced in a similar way. 
Accordiiig to E. Pechard, .sodium metaperiodate behaves as if it wx^re a compound 
of sodium iodate and active oxygen, for its soln. give the reaction of ozone. Thus 
sodium iodide is decomposed in the cold l>y a soln. of sodium ])eriodate, iodine is 
liberated, and ilie liquid acquires an alkaline reaction witli litmus: 2NaI04“f“2Na] 

* t-"H20— NafOjj-f Na2n3lOc,-j Nu(.) I lo ; if tlie mixture is allowaHl to stand for some 
time, the alkaline soln. ])ecoiiies neutral in virtue of the consecutive reaction symbo- 
lized : 2Na2ll3lO(j+l2'^^^^^lt^:H 3JI2O. According to E. Miiller. in alkaline 

soln. wutli the substances concerned in normal soln., the electromotive force at 
platinized electrodes conqiared with the normal hydrogen electrode for the reaction : 

<V387 volt; for K1 1 3H2, 0*227 volt; 

and for K103-|-fl20^KI04 (’H2' 0*513 volt. In a given system, says E. Miiller, 
a lower and a higher at age of oxidation can react oidy to form a given inter mediate 
stage when alt the reactions leading to the other intermediate coyn pounds are accompanied 
hy a loss of free energy - ~(\g. the reaction l>etw'een a perio<late and iodide to form 
an iodate: KI+3KIO4— 4KK)3. reaction does not occur in alkaline soln., 

presumably because tlie interaction of these substances to form another intermediate 
substance say free iodine, is accompanied by a gain of energy. In acid soln., or 
in the presence of platinum black, in light, or at higher temp., this is no longer tlie 
case, and the reaction occurs: K104-f2HT™l2-f-K103+H2G. The catalytic 
agent overcomes the passive resistance of the system. M. Bengieser stated that 
alcohol and ether are not decomposed by periodic acid, but, au co 7 ifraire, C. Langlois 
said that almost all organic substances, including alcohol and other, are slowly 
attacked. 

Detection and determination. — The periodates behave towards reducing agents 
like the iodates. They are usually but slightly soluble in water and readily soluble 
in diJ. nitric acid. When soln. of sodium periodate are added to barium, strontium, 
calcium, lead, and silver salts, precipitates of dimesoperiodates are obtained, and 
the mother liquor has an acid reaction — the silver salt is pale yellow, the others 
white--‘silver iodate is also white. The silver precipitate becomes dark red when 
boiled in water ; the fresh precipitate is very soluble in ammonia, the dark red 
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precipitate is sparingly .si»liiblt‘. 'raiiiiic acid prec*i])itiitcs a ])eriodate from soln 
of periodic acid but not from icalic acid the precipitate is soluble in ammonia 
or potash lye and the soln. bi*comes dark red on exju^sure to air. tlallie acid do(>s 
not give a precipitate, but only a coloured soln. Periodic acid and the ])eriodatt\s 
can be determined by adding potassium iodide and dil. sulphuric a(*id and titratiun 
the sejairated iodine : by their action (Ui oxalic acid in the presence of manganese' 
sul])hate, and determining tin' liberated iodine ; by treatment with hydrog(‘n, 
peroxide and measuring tlie oxygen evolved. 
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S 17. The Perchlorates 

The perchlorates ar<^ prepar<*tl by the aeiion of tlie acid oj] a .suitable base, l>y 
the thermal cle(*.o7uj)()sition uf certaiu ehlorates, and by the eleetr^dysis of cldorates. 
Perchloric acid i.s always nujiiobasic ; no acid salts hav(‘ been mad*'. Sodium per- 
(dilorate has l.xien r(‘])orte(] in tlie iutrat(‘s of ('hili. According to M. 11. MiirkerA 
some specinums hav<*. up to .odJl per cent, of this salt, arul it has been suggost(*d that 
the pre.seiice of perchlorates is the cause, of the dehderjons action of sonic (hdiveries 
of Chili saltfietre wIhoi nstal as a fci tilizer for rye. 

The alkali and ammonium perchlorates. Lltliium ])eic]doiaie was made })y 
O. S. Sernllas In' .saturating perchloric acid witJi lithium hydroxide ; A. Potiliizin ^ 
used the carbonate. The a(j. soln. so ol>taine<l i.s ev aporated to dryness and t*xtracted 
with ah'ohoJ. The resulting crystals are anJiydrous lithium perchlorate, LifdO^, 
aq. soln. furiiisli trihydrated lithium perchlorate, LiC’IOj.siLO, »** In xagonal 
crystals. According to A. Pcdilitziii, the triJiydrat(* at lUO forms monohydrated 
lithium perchlorate, LiCK >4.1 l.jO ; and at 130 , the anliydroussalt. T.W. Richards 
and H. U. Willard prepared this salt in a high state of ])urity, and found it can 
be tlioroiighlv^ dried by fusioji : lithium c}dori<l(‘ was ilissolvcsl in water, and 
treated with a slight <\\c(‘ss of a constant boiling .soln. [aMclihu ic aci<l above 
tliat re(|uired for t he cony«Msiun of tlie <*hh)rid<* to |;ercldorate. The mixture was 
evajjorated to dryness under eoiulitions where tin* mixture did not boil. The 
liydrochlnric acid was soon expelled ; tlie (\\< css of ])t*rehioric aeid was driven 
f)ff by heat ; and the temp, raised to the fu.sion j)oint, when anhydrous lithiujii per- 
(ddorate was o})tained ii; a Jiigli degree of purity; at a liighfu- temp, it furni.shos 
litliiiim (diloridc* and oxgyen : Iji(d 04 LiCl j 21).^. Hence lithium percldorate was 
used in sonn.' atomic vveiglit detcnninalions to find tin* ratio IjK’l'. lO. Sodium 
perchlonite was made by (C S. Serullas by the action of p(*rcld(n‘ic acid on the 
hydroxide ; by V. P(*?my by the action of nitric acid on t In' chlorate ; and T, Schlosing 
by heating the chlorate. 1Tie electrolytic process is used on a large scale. 
A. Potilitzni showed that if the aq. soln. l)e crysta]liz('d above 50", non-delicjuescent 
])rismatic cry.stals of anliydrous sodium perchlorate, XaClO.i, are formed, while if 
crystallized at room temp., 4ir below rA)'\ <lc]ir|ncscent monohydrated sodium 
perchlorate, NatTO^.TLO, is formed. Eitl'.er .salt can be obtaijied by tin' seeding 
of a snjiersaturated soln. at room teinj). with the nroper salt. Anhydrous 
])otassiinu perchlorate, KtTO.i, was imuh' by (I, S. Serullas, J. von Ijiebig, (*. 
do Marignac, and otln'rs by ])ro(*esscs analogous to those <nnployed for the sodium 
.salt. Potassium perchlorate, K(. 1 () 4 , is al.so pre^npitated wlmn perchloric acid or 
a vsoln. of sodium perchlorate, is added to a soln. of a ])otassiiun salt- chloride, 
nitrate, acetate, etc. The excess of ]H)tassiuii\ salt is n'lnoved by washing with 
alcohol of sp. gr. 0*385 ; and the iesi<lua] ])otassinm perchlorate recrystallized 
from boiling water. Sparingly soluble rubidium perchlorate, Rb(1()|, and csesium 
perchlorate, CsCIO^, were obtained in a similar manner. 13. Mitscherlich first 
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prepared crystals of ammonium perchlorate, NH4OIO4, from barium perchlorate and 
ammonium sulphate. T. Schldsing ^ treated hot so In. of sodium perchlorate with 
ammonium chloride, and on cooling crystals of ammonium perchlorate were 
obtained ; U. Alvisi treated a mixture of 75*77 parts of ammbnium nitrate and 
213 of sodium perchlorate, and obtained a crop of small crystals of ammonium 
perchlorate which were purified by rccrystallization from hot water ; and C. W. 
Bailey, H. S. Denny, and A. J. Dunk, and 0. 13. Carlson patented the use of 
ammonium sulf)hate for this purpose. A. Miolati mixed magnesium or calcium 
perchlorate with ammonium chloride and crystals of ammonium perchlorate 
deposited from the soln. of very soluble magnesium or calcium chloride. 

Crystals of lithium perchlorate are known only in the hydrated form, trihydrated 
lithium perchlorate, LiC104,3H20. The crystals belong to the hexagonal system 
with the axial ratio a : c— 107039, and J. W. Retgers^ considers that they arc 
l)robablv isomorphous with trihydrated lithium permanganate, LiMn04.3ll20. 
According to G. Wyrouboff the crystals have a negative double refraction, and 
according to A. Lagorio positive. The needle-like crystals of trihydrated sodium 
perchlorate, NaC104.3H20, are very like the corresponding litJiium salt, but they 
are so hygrosco])ic that the crystalline forn^ has not been determined. The 
anhydrous crystals of sodium perchlorate, NaCl04, have not been measured. 
Potas.sium perchlorate form.s rliombhj bi])yramidal crystals which, according to 
P. Groth, have the axial ratios a : b : c— 0*7817 : 1 : 1*2792. The crystals are usually 
prismatic, Fig, 50, but by the slow cooling of sat. .soln., E. Mitscherlich obtained the 
form indicated in Fig. 31, and by the spontam^uus eva])()ration of cold sat. soln., 



Fjus. 30an(lai.» (Crystals of i’otsihfsiuii] P<‘rc'hl(»raf c‘. 


tabular crystals arc obtained. Fig, 31 . According to J. \V. Rc^tgers and T. V. Barker, 
potassium perchlorate forms an isomorphous series of mixed crystals witli |K)tassium 
permanganate. According to T. \'. Barker, rubidium perclilorate, R1)C104, crystallizes 
in thick plates belonging to the same system as the [)()lassiunj salt, and po.ssessijig 
the axial ratios c/ : b : c* -()*79GG : 1 : 1’2879 ; while ciesium perchlorate., PSCIO4, 
likewise has the axial ratios a : b : c~-0'7932 : 1 : P2808 ; and anmionium per- 
ehlorate, NJl4(-l()4, has the axial ratios a : b : c— U’7932 : 1 : 1*2808, E. Mitscherlich 
and P. Groth ^ also measured the crystal constants of ammonium perchlorate. All 
these salts are isomorphous with the corresponding permanganates. 

The specific gravity of trihydrated lithium perchorate is 1*841 according to 
G. Wyrouboff ; while the sp. gr. of jmtassiiiin perchlorate, at 10‘8‘^ is 2*524 according 
to W. Muthmann, and at room temp., 2*520, according to Ti. G. F. Stdiroder ; 2*525, 
according to T. V'. Barker. The sp. gr. of rubidium perchlorate is 3*014 ; of caesium 
perchlorate, 3*327 ; and of ammonium perchlorate, 1*952— all by T. V. Barker, 
F. W. (Jlarke gives for the la.st-named salt I Htt At'cordiiig to M. M. P. Muir, the 
sp. gr. of an a<i. soln. of potassium pendilorato, sat. at 0", is 1*00(35 ; at 25^ 1*0123 ; 
at 5(3^^, 1*0181 ; and at 100'\ J 0GG03. B. Carlson ha.s al.so measured the sp. gr. of 
aq. soln. of lithium, so<lium, f)otassiuTU, rubidiuni, cjesiujii, and ammonium 
perchlorates. 

According to A. Potilitzin, the melting point of trihydrated lithium perchlorate 
is 95° ; and, between 98 ' and 100°, the salt loses approximately two-thirds of its com- 
bined water ; and all the water is lost between 130*^ and 150^^ ; the anhydrous 
salt melts at 230°, and loses no oxygen at 3(X)° ; this gas is evolved at about 368®, 
at 380° the speed of decomposition is rapid — lithium chlorate and chloride are first 
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formed, and the speed of decomposition at 368° is greatest w&en the ratio 
LiClOa is approximately 1:3. A. Poiilitziri^ found monohydrated sodium 
perchlorate becomes anhydrous at 130°. T. Carnelley and L. T. O’Shea give the 
m.p. of sodium perchlorate at 432°, and the salt slowly decomposes at this temp. ; 
potassium perchlorate cannot be fused without comparatively rapid decomposition, 
but it is said to melt at about 610°, and to commence decomposing at 400° ; 
according to F. L, Teed, it forms some chlorate during its decomposition. Accord- 
ing to ,N. Louguinine, rubidium perchlorate easily melts when heated and decomposes 
at a dull red heat. Ammonium j)eTchlorate, said P. Groth, is decomposed by heat 
into ammonium chloride, oxygen and chlorine ; M. Berthelot® says into water, 
oxygen, nitrogen, and chlorine. During the concentration of an aq. soln. of ammo- 
nium perchlorate some ammonia is lost, and the soln. becomes acid, M. Berthelot 
gives for the heat ol formation of sodium ])erchlorate, NaClC^, from its elements, 
100*2 Cals. ; for potassium perchlorate, 112*5 Cals. ; and for aramoniiim per- 
chlorate, 79*7. Tlie heat of solution of sodium perchlorate, in 2(X)'dOO mol. of water 
is 3‘5 Cals, at 10° ; for potassium perchlorate, — 12*1 Cal.s. ; and for ammonium 
perchlorate, — 6*36 Cals. E. F. von Stackelbcrg found the heat of soln., Q, of a 
mol. of potassium perchlorate in 100 mol. of water to be (?~12860— 92(X)w cals. 
The heat of neutralization of perchloric acid wit h ammonia is 12*9 (!alvS. The heats 
of the reactions are. given 
by Na(d04=NaCl+20. 

3*0 Cals. : NH4(’i04 

—Cl Go -|- N ~f” ^-^b^Ggas 
+3H*3 Cals. H. Kopp ^ 
found the specific heat of 
potassium perchlorate to 
be 0*190 between 14° and 
45°. 

M. M P. Muiri« has 
measured the solubility of 
potassium perchlorate; he 
found that atO°, lOOgrms. 
of water dissolved 0*71 
gnus, of potassium ])er- 
chlorate; at 25°. 1*96 

grn)s. ; at 50°, 5*34 grins. ; 
and at l(XJ°, 18*7 gnus. He also adds that ‘‘ for each rise of 25° from 0° the 
solubility and the percentage amount of the salt in soln. increases in round 
numbers threefold.” A. A. Noyes and co-workers found that 100 c.c. of water 
at 10° dissolved 1*082 gnus, of |)otassuim perchlorate ; at 20°, 1*(3()8 grms. : 
and at 30°, 2*494 grins. Determinations of the solubility of potassium per- 
chlorate in water were also made by J. Hutstein, R. G. Thin and A. C. (hum- 
ming, B. Carlson, and G. S. Serullas. According to W. Louguinine, 100 grms. 
of water at 2*13° dissolved 1*09 grms. of rubidium [)erchIorate, and 1*62 of 
the potassium salt. F. (-alzolari noted that the solubility of ca*sium ]ierchlorctie 
at 20° is a little less than that of the potassium salt ; and greater than that of the 
rubidium salt- -ndc the solubility of the alkali chlorates. F. (^alzolari’s values for 
the solubilities of potassium, rubidium, and cfcsiuiu perchlorate.s in KX) grms, of 
water are : 


fvClC)4 . 
HbC104 . 
CsClO. . 



Fig. 32.- 


-Solubilitics of Futassiiim, R\ibidiani, and Cajsium 
Pcrchloratrs in Water. 
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and these results are plotted in Fig. 32. B. Carlson found t hat at 1 5"^ a nd 50° water 
dissolves n‘S))ectively 107*6 and 123*4 per cent, of sodium perchlorate wdion the 
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solid phase is NaClO^.IIoO ; and at 143'^, Ml‘4 p('r cent, when tlie solid phase, is 
NaCl() 4 . G. S. Serullas lound that 20 parts of atnnionium perclilorato dissolved in 
100 parts of cold water. R. G. Thin and A. C. Cniiiming found that water at 14*2'^ 
dissolves I’TSo per cent, of animoniiiru })erchlorate. K, A. Hofmann, K. K. A. 
Ho])old, and F. Quoos foiirid IS o grins, of salt were dissolved by KK) grins, of water 
at 15^, and B. Carlson gave for tlie percentage solubility : 

u' 20" 40® 00" so® 100" 107* 

NH 4 CIO 4 . . Jl-.'iti 20 sr> .‘{0.58 :{0 05 48*10 r>7*0i 58*12 

vSp.gr. . . ro50 J 008 J I 2 S 1*1,58 1*103 1*210 1*221 

11. G. Thin and A. V. (hnmning found that with aq. soln. of percliloric acid of 
normality N, vvaler dissolves at 2r)‘2 ’ : 

N , .... — 001 01 (» 1*00 

Prr font. K('IU, .... 2*08.5 1*000 1*485 0 527 

A. A. Ni^yes and co-workers measured the d(ipressed solubility of [)otassium per- 
chlorate in aq. soln. of potassium chloride and potassium sul}>hate. 

G. S. Seriillas says that lithium ])erchlorute is very soluble in alcohol ; sodium 
[lercldoratc is soluble in the same menstruum ; H. E. Ib^scoe says tJiat ])otassiuin 
pcrclilorate is but very slightly solal)lo in absolute alcohol, and not at all if the alcohol 
contains a trace of an acetate. T. vSchldsing rc[)orted lliat potassium eliloratt^ is 
not soluble in alcohol of sp. gr. 0*83."). .\(‘cording to R. (i. Thin and A. C. 
Cumming. BK) gnus, of 98*8, 9.‘i*r>, and.ol*2 ])(‘r cent. soln. of ethyl alcohol dissolve*, 
at 2r)*2'’^, r('sp(‘ctivcly O'Oll), (> (Kol, and O*?;")! gnns. of [)ota.ssiiim pcrclilorate. and in 
tlie first two cases, if 0*2 p(‘r cent, of pen*hloric a(*i(l is ])rcsent, respect ividy ()*()28j 
and 0*01 7') per <'(‘nt. of that salt . G. S. 8(*rnllas said ammonium perchlorate is 
sliglitly soluble in alcohol; R. (rroth could find no sign of the formation of a basic 
.salt when potassium ]>orc]ilorate is treated with alkali lye. According to 
II. P. Pearson, fiotassium j)orchlora(c dissolves more (*nsilv in soln. cd ammonium 
nitrate than in water; and less easily in ammonium a(*(‘tate. ammoniiuu (*hloride, 
ammonuij or hydrocJjl(>ric acid; dil. nitric acid dissolves aljoul as much of this 
salt as does water and dil. acetic, acid about half as nuieh. Acjording to \'. Roth- 
mund, a(|. semi-normal soln. of th(‘ following menstrua dissolve^, the indlcat(‘d 
number of grams of potassium perchlorate pea* litr(\ at 25 : wal(M‘ alone, 20*11 ; 
Huthjf} alcoltoh 19*45; rthifl alcohol, 18*75; /aopffl alcohoL 18 ()| ; taliartj aanf! 
(ilcohoL 17*72; aatoac, 20*11 ; ether, 18-51 ; <ihfeol, 19 G2 ; (/hfeerol, 19*45; urea, 
20*92; aanru>ni(t, '2^y4r'^ : (Ihuefhffhnuiue, IS-TjO ; jufridiue, J9*51 ; urethane, 19*10; 
fnnuawidr, 21*32; aretaun'de, 20-05; acetic acid, 20'2fi ; //hcuol, 18*87; iucihijlal, 
19*40; ‘)ncthf/l acetate, 19*80. F. Ephraim ])repared lithium tetramuiino- 
perchlorate as a solid which li(|uefies at ordinary tem[>. 

G. Tammann found the vapOUr pressure of water at lOU"’ was loweied 7*8 mm. 
by the soln. of 5't)fi grins, of potas.sium (*hlorate ])er lOO grins, of water ; 17*4 mm. 
by 10*73 gnus, of the salt ; and 21*7 mm. by 13’fi4 gnns. of the salt. The oq. 
electrical conductivity of lithium, sodium, mid potassium perchlorates at 25'' for a 
mol. of the salt in c lit res of water are : 


V 

;{2 

ot 
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251) 

512 

1021 


lnJ-5 

in4*,s 

107<» 

109!1 

J 1 1 -9 

1 1.3*1 

NaCl 04 . 

IJI'l 

l 14*9 

117*7 

J20-0 

121*0 

12:3*7 

K(J 04 . 

[. 3 J-U 

1.3 .1*9 

140 -.3 

I 1.3-5 

145*8 

1 4(i-4 

11. (J. .Jones also worked out 
the ionization constants a : 

tlie temp. 

coeil fr( 

un 0" to 

and he gives for 

V 

a NaClO., 

8 32 

. 84*5 U3-0 

128 

98*,'» 

512 

lOO'O 

1024 

99*7 

2048 

4(»9(i 

rx KCIO, 

HC-U 

9.3*0 

95*9 

97*1 

98*5 

lOOO 


li. K. K. A. llobohl, A. (/. von Zedtwitz, K. A. Hofmann and eo-workers 

prepared a large number of perchlorates of the organit* ))as(‘s. K. A, Hofmann and 
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()o-workcrs, and J. Milbauer also studied the properties of a iiuiuber of organic 
perchlorates. 

Cupric perchlorate."' (jT. S. Serullaa [)re])ared large blue deliquescent 
crystals by the evaporation of an aq. soln. of cupric oxide in percliloric acid. 
R. Roth’s analyses of th(3 crystals of cupric per(*lilorat(^ gave Cu((dO4).j.0H2O or, 
by A. Werner’s theory, LCu(if20)oJ(0104)2. Jbiper soaked in the soln., dried, and 
placed on reddiot coals burns with a greeiiishddue flash. II. E. Roseex* ])re- 
j)ared a sparingly soluble dehydrated cupric hexammino-diaquo-perchlorate, 
011(0104)2. 4NII3-21LO — or, according to A. Werner s theory, [(hi(H20)2(NH3)4]((l()4)2. 
P. Sabatier found soln, of cupric perchlorate formed a basic perchlorate, 
Cu{C 1()4)2.4 CuO, wlieii treated with the ]>artially deliydratod brown cupric hydroxide 

Silver perchlorate, AgC104, was made by (b S. Serullas (1831) by the/evapora- 
tion of a soln. of silver oxid(i in ])erehloric acjd ; and by I\ Oroth (l<Sb8) by double 
decomposition with barium [)ercliIorate and silver .sul}>ha1o. Carnclley and 
L. T. O’Shea give tlie m.p. as J8fj , and it dceom[)oses suddenly just below a led- 
heat. G. Rruni and G. Levi give - 2* IT Cals, for the heat of soin. of a mol. in KKK.) 
niols. of water. According to W. N<‘rns( and .M. i^bb, tlie electrical (’(nicbictivity, 
A, of soln. with <)*(»25 mol. per litres is (COOOl l()9 ; and U 0()<)l2tK> in soln. with ()'<KX}8 
mol. j)or litre. G. Core foiind tJiat durin<i the clccdi olysis of aq. soln. of silver 
<*Jii()rat(‘ the anode was covered with a black (ilni -probably silver ]x*roxi(le. Aq. 
soln. become brown on <*v[)osnre to light. S<jln. in a([. ammonia furnish a 
(uystalline silver diammino-perchlorate, AgCl04.2NH:3, whose heat of formation 
in the solid slate, according to (r. Bruni and (r. JiCvi, is AgClO.j ; 2Xn;> 38* 10 Cals. ; 

heat of formation in soln. is AgCl()4a,|.-i 2NII3.,,,. -12’71 C^ds. : and w]n)se inole- 
(aihir lieat of soln. in IbOO mols. of water is — lO'TJ (^als. These results aic tak<Mi 
to sliow that only tlie diamminu-salts exist i]i soln. The heat of formation of 
silver triammino-perchlorate is AgClOi j 3Nlh> Agf ’lOi.bNJra i-17 77 Cals. The 
solid triammino-salt is iiiunedintely decomposed into thediainniino-salt and ammonia 
when dissolved in water. Tla^v also mad<> dimethylammino-silver perchlorate, 
AgCl04.2NnoCll;j. 

The perchlorates of the alkaline earths. G S. Scmllas fuepared deli(pjcscent 
prisms of calcium perchlorate in 1831 . The alcoholic soln. }>urnt with a red flame : 
strontium perchlorate, with a pnrple llame. (C S. Sei'ullas made trihydrated 
barium perchlorate, Ba((1()4)2,3H20, in hexagonal crystals, by the action of the 
acid (Ui tlie hydroxide or caiLonate ; P. Groth made it by the action of potassium 
perchlorate i)n liydrolluosilicic acid, and, after washing the ])otassiiini flunsilicate, 
neutralizing the li((uid with barium carbonate. Tit is soln, was evaporated to 
dryness, and liarinm iicndilorate was exlracteil from the residue by alcoliol ; and 
any barium (diloride present was reniov<*d by tnwitment with silver jiercldorate. 
(). Ilenry hoiled zinc (Iiiosilicate w'iili an aq. soln. of potassium (ddorato. and treated 
the soln. of zinc ])erchlorat-<' with baryta water zinc hydroxide was juocipitated ; 
l)arium [lerchloraL* remaimal in soln. 

d. (irossmann prcjiared barium jierehlorate on a manufacturing scale bv evapor- 
ating a mixcal soln. of sodium p(‘rc]dorate and barium ebloridc'. Crystals of sodium 
chloride crystallize out. before th<' barium perchlorate. K, Winteler made the salt 
by the (dectvolysis of barium chloride. Accor<ling to J. (\ (r. de Marignac, tlie 
liexagonal crystals have t h(‘ axial ratio : c I : t) t3t)23. According to tC WyrouholT, 
the cryi^bds have a feeble negativt*. doubh^ refra<‘tion. »!. i\ G. de Marigiiac’s 
analysis make tin* com])osition of the salt Ha((1()j)2-'l ^ ; hut (}. S. Scrullas' 
result: Ba(( 304)2.31120, is usually considered to liave lieen correct.. Two-thirds 
of the combined wat(*r is lost over cone, sulpliuric acid; the remaining third at 
1(X)‘\ A. Potilitzin says tin* salt begins to decompose at 400” wlien 0 09 per c<*nt. of 
oxygen was lost in 70 minutes ; at 4()f)” all the oxygen w^•^s lost in about 9.] hours. 
Ae.cording to T. (.'arnelley and Tj. T. O'Shea, barium perchlorate* melts at bOb"^. 
The salt is V(*ry soluble in w ater and alcohol. Jhijior, soaked irr the .soln. and dried, 
burns witli a green flame. 
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The perchlorates ol beryllium, magnesium, asinc, cadmium, and mercury. — 

A. Atterberg,i7 and J. O, de Marignac prepared tetrahydrated beryllium per- 
chlorate, Be(C104)2.‘lH20, in deliquescent needle-like crystals after cone, of the soln, 
to a thick syrup. The cryvstals give off va]>our of perchloric acid at 100 , and 
form beryllium oxide on calcination. G. S. S6rullas prepared long prisms of deli- 
quescent ‘^crysta Is of magnesium perchlorate ; and likewise of zinc perchlorate by 
evaporating the soln. obtained by the double decomposition of the metal sulphate 
and barium pcrchhuate. The crystals are dclhpK'scent, and soluble in alcohol, 
G. S, Scrullas also made similar crystals of cadmium perchlorate by evaporating the 
soln. of the oxide in perchloric acid. 

G. S. Scrullas I » (1831) and H. E. Roscoe made merCUrouS perchlorate, 
Hg(.304.2H2G or Hg(i04.3H20. by the action of the acid on mercurous oxide. 
The soln. is (‘one. on a water-bath, and crystallized in a desiccator. According to 
M. Ohikashigt^ a solii. of jnen’urous perchlorate is also formed by shaking for about 
4 hra. a soln. of mercuric', chlorate with mercury — the product, says F. Teltscher, 
still contains about 1*4 per cent, of mercuric perchlorate. The needle-like crystals 
are stable in dry air, delicpiesccnt in moist air. They lose ver}" little in vacuo, or 
at KXy^ — a specimen lost about G ])er cent, of w'atf^r wh(‘n kept two weeks in a 
vacuum desiccator ; and 2 per cent, wdien heated G hrs. in a stream of air at KKV^ 
When heated to 100", the salt decrepitates and remains completely sulul)le in a 
little w'ater ; at loO”, the crystals lose some a(‘id. they swell slowly, and ])ecome 
opaque in cons(Hiuence of the formation of wdiat appears to be a basic salt, mercuric 
perchlorate, and a trace of mercuric chloride ; at 170'^, more of the basic salt and 
of the mercuric salts are formed, and some chlorati* ; and at 2fM)^ the luercuric 
chloride bc^gins to sublime. The more the salt is luxated, tlu^ more basic it Ix'comcs, 
and the greater the lesidue rcMuaining wlien it is oxtrimtod wdth watt*r, and the less 
mercurous nitrate it forms when treated with nitric, acid. Mercurous perchlorate 
is very deliquescent, but less so than the mercuric salt ; it is very soluble in water, 
forming a soln. neutral to litmus. The eq. electric*al condii(.‘tivity. A, in re(‘iproeal 
ohms at 25'\ is 1()G*9 for a mol. of the salt in lU litre's, and 175*9 for a mol. in 1024 
litres. 11. Lev found the electromotiv^o force of the (‘cll Hg j llg(’) ; 5 

Y’^A^-HgC104 I Hg at 20" to lx* 04193 volt; and for normal Nad, (>*4719 volt, 
G. A. Linhart also ujeasiired the [potential of mercurous perchlorate .soln. against 
a mercury clei'trode. The potential of the soln. against a smooth j)latinum elcc^trode 
is not sensitive to light; if percliloiate. acid lx* presemt, the result is different. Mer- 
curous perchlorate is slowly hydr(>lyzed by an excess of w'aler, or wlum the soln. is 
healed for a long time on a water balli, and a basic salt is form<*d. The degree of 
hydrolysis for y^jA^-soIti. is ()’t)34. d'lie wliite. basic salt formed by' hydrolysis is 
blackened when washed with water. Ahtohol decompo.ses the solid salt into a 
soluble and white ins()lu1)le basics salt which is blackencxl if waslied with water, but 
not with alcohol. Alcoliol docs m^t ellect aep .soln. ; bub they are blackened bv 
ammonia. The riecdle-like crystals, wliich M. Ghikashige obtained by concentrating 
the alcoholic soln. of im^rcurous ])erchlorate, appear to bir a mixture of 
HgCl()4:Hg(C104)2-2(): 1. 

G. a. Senillas (1831) and 11. Iv Roscoe (18()G) obtained crystals of hexa- 
hydrated mercuric perchlorate, Hg(C104)2.Gn20, by saturating an aq. soln. of 
])erchloric acid with mercuric oxidt*, and coiu'cntrating tlic .soln. bv evaporation. 
M. (Jhikasliigc m.ade tlie same crystal.s rubbing up men uric oxide with ]]er(*hlori(? 
acid until tlj(^ .soln. begins to ajjpear turbid ; it is then liltered through asbestos, 
mixed with a few drops of [xachloric acid, evaporated at a gentle heat, and finally 
eva])orated at ordinary temp, over sul])huric acid. The mother liquid is removed 
from the crystals by suction ; and the cry.stals dried on a porous tile. The prismatic 
crystals are dillicult to dry ; tliey effloresce shnvly in a desiccator, and deliquesce 
raj)idly in ai?- ; and melt with a slight rise of i.tmip. -34'^ in dry air. The aq. 
soln. reddens litmuwS, and M. (Iiikashige says that the soln. contains no free acid 
because tlie soln. becomes neutral when an excess of sodium chloride is added to 
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the soln. This, of course, is wrong. The salt is no doubt hydrolyzed into free acid, 
etc., and the sodium chloride Y)rcsumably either drives back the hydrolysis or forjTis 
a more stable double salt. The soln. decom])oses when evaporated by the aid of 
heat, to form an insoluble basic salt. The solid ellloresces in a desiccator owing to 
the loss of acid and water with the formation of an insoluble basic salt. The 
decomposition is accelerated by ex[)osure to light. When heated to \2if, water 
and perchloric acid appear in the issuing vapour ; if it be heated gradually to 150"^, 
and maintained at that tejnp. to a constant weight, the basic mercuric perchlorate, 
2 HgO.IIg(CU) 4 ) 2 , formed as a wdiite amorphous precipitate which is not changed 
at the l).p. of ]nercury, and only slightly attacked at the b.p. of sulphur. This basic 
salt is hydrolyzed by water int(i mercuric perchlorate and mercuric oxide with a 
little mercuric chloride and chlorate. According to ll. Ley, the eq. conductivity. 
A, of hexahydrated mercuric perchlorate at is 119*3 with a gram-eq. per 32 litres ; 
and 232*7 with a gram-e<p in .^>12 litres of water. Tin? ]>otcntial of the soln. against 
a smooth platinum electrode becomes positive when ex^josed to light, and this the 
more in the ])resonce of perchloric acid. Alcohol decomposes the salt very quickly, 
leaving a white insoluble ])asic salt, which is decomposed by water to form mercuric 
oxide. The addition of alcohol to an aep soln. of the salt gives an orange precipitate 
which is mainly jii(*rc.uric oxide. M. ('hikashige says that on eva|)orating the 
mother liquor tliere is very little reduclh)n to mercurous state, aiul Avbat there is 
is probably due to the reduction of mercurii* salts ]>y hot alcohol. Alcoholic soln. 
decom[>ose more readily than aq. Rrismatic- crystals of the basic mercuric per- 
chlorate, ng0.211g((104)2.121l2(), wore made Ipy iM. (Jhikashig/* by digesting per- 
chloric acid with an excess of mercuric oxide, and after filtering the soln. through 
asbestos, concent rating first on a water-bath, and then in a desi(*calor, drying the 
(irystals on a porous tile. If these crystals be boiled with al(‘ohol, a white floeculent 
preci])itatc of tlie anhydrous salt is obtained, insoluble in hydnx'liloric or nitric 
acid, but decom])osGd and dissolved by aqua regia. Th(‘ anhydrous salt is stable 
up to a dark-red heat, it then detonates vigorously. 

A. (jT. von ZedtAvitz prepared nitrosyl perchlorate, N 0 t 104 .H 20 , by evaporating 
commercial 20 p(‘r cent, perchloric acid in a porcelain dish until the temp, reached 
140', and thick Avhite vapours afipeared. The product, . 11 ( 104 . 2 H 2 O, was treated 
Avith a gaseous mixture of nitric oxide and nitrogen peroxide evolved from a mixture 
of 08 per cent, nitric acid Avith sodium nitrite eitlier at ordinary temp, or at 0'^. 
(/olourless jilutes separate out in such quantities that the Avliole liquid seems to 
solidify. Hence, precautions must be taken against the choking (d the gas delivery 
tube. TLc crystals arc scqiaratcd by suction 011 a (loocb’s j)laiimini (‘rucible, dried 
over phosphorus pentoxide in an atmos})here of nitric, oxide and nitrogen peroxide, 
and finally in vacuo. After staiuling eight days over phospluu'us ])entoxidc and 
vacuo some Avater is lost but no nitric oxide. It is not split into nitric oxide and 
in chlorine oxide Avhen heated to 110", but the perchloric acid is completely decom- 
posed, and the constitution of the product is supi)osed to be (IO 3 —O—N 0 + 112 ( 3 ., 
It is slightly hygroscopic, and gradually decomposes in moist air. With phosphorus 
])entoxidc, it forms a brown mass of syrupy consistency — perchloric acid under 
similar conditions may explode. Sulphuric acid forms an analogous product, 
fi. Roth j)repared antimony perchlorate by Avarming antimony trioxide in hot 
60-70 per cent, perchloric acid. As the soln. cools the .salt se[)arates out. Ar.senic 
trioxide under similar conditions furnishes the unchanged oxide. JI. 31. l\ 
prcpaiAsl a bismuthyl perchlorate, Ri 0 .( 104 , or basic hismaih perchlorate, 
11 ^ 03 . Bi((Jl() 4 ) 3 , white mass by heating metallic bismuth Avith an aq. soln. of 
perchloric acid. The salt is almost perfectly insoluble in water at 100 ' ; it is 
readily dissolved by hydrochloric or nitric acid ; and less readily by sulphuricj acid. 
It is decomposed at a red heat, when bisinutli chloride is sloAvIy formed and 
volatilized. 

Cr. S. S^rullas 21 prepared a crystalline mass of aluminium perchlorate by 
evaporating a soln. of aluminium hydroxide in perchloric acid. The crystals are 

VOL. It; i D 
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dclinucscont, Tf‘(ldon Hindus, und dissolve in Hliohol. Accoidm^ to 1), li. 
serdoif^ tiic rjxjnd (icc*oiiipositioii iicxHliydiiitod flJuniiiiiuiii cliloiutc/ hy Ih*;i, 
gives n residue eontiiiniug the etj. of Al203"t'-Al{( HXOa* ( lookes reports tlia; 
RQ. perchlorje Otisily dissolves seuTidiiiui hydroxide or curbouftte, und, wIkwi 
the Soli), is eVciporo ted over the Wciter”l)iith, <i feIt"lik-C iiuxss of ihojubu^ ue(^<jj('’ 
shaped crystals of scandium pcrcMorate se|)aratc. Yttrium perchlorate, 
' YiCIOJs.OHoO. was prepared by P. T. Clever - in hygrosco])ic needledike crystals 
by the double decoiupt)sition of yttruun sulphate and baiiiun peichloiatc. J)eh' 
quescent jiecdh s of lanthanum perchlorate, La(P104);v9Hi>C), and didymium per 
chlorate, J)i(Cl04);?.9H2( K were also made by \\ T. Clevc in a similar manner. Tliesi* 
salts arc de]iques(‘ent, and soluble in alcohol. 

F. V. blathers and C. lb Sehliiderberg ^3 made colourless ddicjuescent crystals 
of indium perchlorate, ln{C'104)3.8H20, by dissolving electro-deposited indiimi 
(previously fused in a charc’oal crucible in a stream of hydrogen) in perchloric, acid. 
The soln. was evaporated on a hot plate until it doj)osited small crystals when 
cooled by a mixture of ice and salt. Further evaporation was (.’onducted under 
reduced press, over sulphuric ac id. I'he crvxstals w('re rapidly rinsed with a small 
amoimt of water, and dried on ill ter jiaper. The compound is soluble ij) water 
and absolute alcohol, but Jess soluble in ether. Basics salts, the products of 
hydrolysis, are precipitated from a neutral sola, at 40'^ The crystals fuse at about 
80*^ iji air, and they decoiUf)ose at a higher tejnp. below a red heat. Rhombic 
cr^'Stals of thallous perchlorate were madi.^ by \V. fVook(\s in 18b3 by the soln. of 
the metal in the perchloric acid ; by the action of barium perchlorate on tliallous 
sulphate; and by J, W. Retgers ]>y the action of perchloric acid on thallous 
carbonate. W. Crookes also described what he regarded as thallic perchlorate with 
TbHoO. Thallous perchlorate is more readily solu})le than rii)>idiuni or ea'^sium 
perchlorates ; acc(jrding to II. E. Rose-oe. lOO grms. of water at Jo" dissolve 10 grms. 
of the salt, and at 100", 110*7 gnus, of the salt. It is itiscdiible in alcohol. 
According to If. E. Eoscoe, the salt decomposes about the b.p. of mercury, 
blackens, and volatilizes as thallous eldoride. '!\ CarneUey and L. T. O’Shea give 
the in.]), at 510", According to E. Fratike, at 25" the eq. eouductivitv of a soln. 
containing a mol. of the salt in 52 litre.s of water is I2‘.t5 ; aiul in 1021 litr(‘.s, 
113;7. 

Ijcad oxide or carbonate dissolves in perchloric acid,"^ forming a soln. from 
which (‘lystals of leud perchlorate, Pb(Cl()4)3,2Jl20, can be obtained in readily 
soluble white needle-like ciystaJs : while JI. E. Hoscoc's analysis corresponds with 
3H2O,’’ J. C. G. de Marignac s aiul R. Roth's analyses correspond with 
“ 2H2O.’' At KXJ^ the salt decomposes, giving off so much j)crchloric acid that 
paper held over the disli is carbonized. When tlie a([. soln. of lead perehlorate 
is boiled with an excels of lead ( arltonaie and water, a basic lead perchlorate, 
Pb{C104)2.Pb(OIf)2.HAb Pb((dOj)(.)JLyif.2(), is formed in two different types 
of monoclinic crystals. 8. Jolin })rej>ared deliqn<‘.sernt ])laies of cerous perchlorate, 
Ce(Cl04)3.H20, by (Ty.stallizatiun of the clear licpiid obtained by treating (*erous 
sulphate with barium p(*rchlorate. 8. John and G. T. Morgan and E. Oalien f)rc- 
pared cerium perchlorate, (’e{Cl04)3.9.n20, as a deliquescent erystalline mass from 
barium ]>erchIorate and lerium sulphate. Tlu‘ water of crysiallizution is not all 
eliininattMl at F. Terlikowsky ])re pared praseodymium perchlorate and 

neodymium perchlorate by dissolving t lie respective carbonates in perchloric acid, 
and removing the excess of acid at 1 to . (hibic crystals, cti tremis, arc obtained 
by evaporation in vacuo. 3Mie salts are. less readily soluble in absolute alcohol 
than the perchlorates of cobalt, nicked or chromium. The index of refraction 
is 1*50. 

P. T. ('levo obtained an amorphous mass— presumably of thorium per- 
chlorate-yby treating thorium sulphate in a similar way. F. P. Venable and 
1. W. Smithey ])ropared zirconyl perchlorate by dissolving zirconium hydroxide 
in 30 per cent, perchloric acid ; with 00 iier cent, acid, the hydroxide dissolves 



403 


THE OXIDES AND OXYACIDS OF CHLORINE, 15TC. 

very slowly. After the acid had stood some weeks in contact with an excess of 
hydroxide, the clear decanted liquid was evaporated over calcium chloride, when 
crystals of 4ZrO(C104)2.HCI04 were obtained. The normal perchlorate was not 
obtained owin|>y to hydrolysis. The salt 4ZrO(0104)2.HC104' can be dissolved in water 
and recrystallized without further cliange. Two mol. of the salt in soln. can dissolve 
two mol. of zirconium hydroxide, forming Zr0(OH)2.9Zr0(ClO4)2, which is also 
crystalline. When this salt is dissolved in water it furnishes the more stable salt, 
4Zr0(Cl04)2.H(?l()4. The radiating clusters of crystals of the less stable form wiu’c 
also obtained by heating ])erchlori<i acid with an excess of zirconium hydroxide 
on a water-bath, and cooling the sat. soln. 'J'hc crystals were washed with a 
little water. They are very deliquescent, odourless, solu})lc in alcohol, ether, 
benzene, chloroform, and carbon tetrachloride, but no crystals were obtained from 
these soln. The crystals begin to decompose below 100*^, and when slowly heated 
they intumesce and give finally a white mass of zirconia ; if suddenly heated they 
may explode with a sharp rejiort, 

O. S. Serullas*’® prepared deliquescent needle-like - crystals of mailganous 
perchlorate by an analogous y)rocess. Tlie crystals are soluble in absolute alcohol. 
R. Roth's analysis of the pale rose-coloured crystals corresponds with 
Mn(Cl()4)2.6H20- F. Sabot has preyiared hexagonal crystals of chromic per- 
chlorate. F. Terlikowsky ohtaiiiod the same salt by dissolving the hydroxide in 
])crchloric acid and evaporating the soln. under reduc.ed yiress. over sulphuric acid. 
The pale brownish-green crystals have a mean indc'x of refra(*tion 1*55, and they 
arc slightly polychroio, R. Roth's analysis of the crystals corresponds with 
Cr(C104)3.bil20. When lieated the crystals become green, and melt at 94"^. At 
109"' (toluene bath), the salt loses water and perchloric acid ; and at 210"', it forms 
chromyl chloride and chromic acid. The crystals are very deliquescent, the aq. 
soln. is violet, and on boiling the soln. becomes green. When the hot green soln. 
is .slowly cooled, the violet (‘olour is restored. R. Roth failed to get green crystals 
from tlie green soln. cooled ra])idly to a low temp. — the violet form was always 
produced. The cause of the colour changes is analogous with those wliich occur 
with the chloride. The alcoholi<‘. soln. retains its green colour longer tlian the 
aq. soln. (b F. Rammelsberg tried to maki^ uranyl perchlorate by dissolving 
ui’anium hydroxide in perchloric achl, but wheji the attempt is made to crystallize 
the soln. by evaporation over com*, sulphuric acid, the ])rodiict decomposes into 
uranyl eliloride. 

U. S. ScTullas also pre])arcd crystals of ferrous perchlorate, Fe(CI04)2.6H20, 
in an analogous manner, and 11. K. Jtoscoe o]>tained the same salt by tlie action 
of iron on pcndiloric acid. The green crystals are very deliquescent. The water 
is not expelled at JIK) and the salt decomposes at a higlier temp. The soln. 
of ferrous perchlorate gra<liially deposits a basic ferric perchlorate on exposure to 
air. A soln. of ferric perchlorate, Fe{Cl04)3, is obtained by dissolving hydrated 
ferric hydroxulc in ])erc.hl()ric acid ; R. Roth prepared very deliquescent almost 
colourless crystals of the salt which have the composition Fe( Cl 04)3.91120, and 
which dissolve in water, forming an intense yellowish-red liquid. The colour of 
the crystals darkens at about 73°, and at 210’ they decompose. Indeed, almost all 
the inorganic perchlorates with water of crystallization decompose readily at 210°, 
which is approximately the b.p. of dihydrated percliloric acid. V. Groth j)repared 
crystals of the nickel perchlorate by double decomposition of the sulphate with 
barium perchlorate ; and P. Groth, F. Terlikowsky, and R. Roth pre]>arcd the salt 
by the crystallization from a soln. of the hydroxide or carbonate in the acid. 
The bluish-green prisjuaiic crystals have a composition corresponding with 
Ni(C104)2.6H20 ; but if dried over sulphuric a<dd, in vacuo, F. Terlikowsky gives 
Ni(C104)2.5H20 ; they arc feebly polycliroic, and belong to the hexagonal system. 
The index of refraction is l oo. The crystals arc very deliquescent, and can be 
dried by heating them in a current of dry air, or by confining them under reduced 
press, over sulphuric acid. The m.p. is 149°. The solubility, Sj expressed in terms 
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of the niuiiber of mols of the uiiliydrous perehloruto in ltK» molt; of water, anij (-li.' 
sp. gr. of the soln. are, according to F. 'I'erlikowsky ; 


-mi-T' 

S . . . (i-2SS7 

Sp. gr. 


e’ 7-:, I 

(r4:]l4 7*.*i04S 7 •4580 

- - 1-5720 1*5755 


IS' 20 ' 4 .V 

7 0001 7*8;i40 8*2705 

1*5700 i'584f i*5o:o; 


They are soIuIjIo in aleoliol ; but if tlic salt lias been heated over 103 '] tlK^ prodiiet does 
not dissolve entirely in AvatiT 4)r alcohol — possibly owintif to th(' foiuiutiou of a basic 
salt or to deeoin])osition the yellow insolulile residue is solulde in nitric a<*id. 
R, Roth treated an aniiuoniaeal soln. of a nickel salt with auimoniuni porcldoratD, 
and obtained pale blue octahedral crystals of a sparini^ly soluble salt, which, wh(‘n 
recrvstallized from ammonia water, liave the composition ol nickelous hexamiuino- 
perchlorate, Ni(NH3)(i(Cl()4)2. When lieated, the salt detfuiates like ammoniuni 
percliloratc. Cobalt perchlorate is prc])ai*ed in an analogous manner by dissolving 
the hydroxide in jiendilorie arid. According to R. Roth’s observations, tlie rose- 
red octahedral crystals liave the comjiosition (^)((’lOt).2.rdR^b they are rather 
more deliquescent than the corresponding iih'kel salt. F. Terlikowsky reju'csented 
the eom])Osition of the pale ruse-red hexagonal crystals dried over sulpJiuri(‘. aci<l 
by: Co(( '104)0. 5 Ho() ; and lui found tliey were feel)ly judyclirou’. The index ot 
refraction is 1 * 05 ; the m.p. of the crystals is ] 4 d , and they do not decompose 
at The salt is very soluble in water, acetoiu*, and alcoliol, but insoluble 

in eliloroform. The sp. gr. of the aq. soln., and the solubility, ex[>ressed as 
in mols of the anhydrous jierchlorale ]>er lUO mols of water, are : 


-20*7- - 21:3 0" 7:>' ]s’ 20" 4r>" 

♦S' . , r>*()5;i(> (>*.3211 (>vihs:i 7*ii2a 7-2M4 7*in7s s*o;i28 

Sp.gr. , . . . . l aiem l'5(;r»S 1 5(;70 i-aSII 1*5878 


Octahedral rusc-ivd crystals 0/ cobaltous liexanimino-perchlorate, [( ’o(An.^)(.]- 
(0104)2, Averc piepared by R. R<dh in a similar manner to tlie. nickelous salt. 
U. Alvisi has preparc'd some hflvocolxtlti (tnanoinmn '/ft'rdilonifr^, namelv, golden- 
yellow cubic crystals of cobaltic hexammino-perchlorate, rOo(XILi)ol(OUT,):>, and 
golden-A'ellow tiigonal crystals of cobaltic hexammiiio-diperclilorato-chioride, 
fCo(NTb^)oJ(Cl04)20l, Avith tlie axial ration :c 1 : a 71' 20'. Tlie former 

is obtaine(l by heating aq. eolialt percldorate witli an excess of ammonium 
perchlorate and ammonia, and adding sodium or potassium permanganate until th<^ 
liquid assumes a golden yellow^ colour ; or by lieating a soln. of cobalt ])erchlorate 
with load dioxide, ammonia, and an exf’css of ammonium perchlorate until the 
liltered liquid becomes intensely urange-ycllow. R. Roth mad(‘ crystals of 
j Co(^Il3)(^](C104);^, by treating a soln. of lute4)C<d)altie 4*]dori<h* wit h j^enddoric 
acid. I he aq. soln. when cone. giAa's goldm-ycdlow* f)C'tahedra. 'I'lie cry-stals 
detonate Avhen lieated. Wlnm the .soln. is treated with hydrochloric acid it 
yields crystals of the di])er(*hlorate-elih)rifl(‘ ; and tin* sa in(‘ salt is formed in 
golden-yellow ln'xagonal plates by tlui interaction of ( old .sat. Sfjin. of ammonium 
perchlorate and luteo-eobaltianimine (‘hloride. 'riii.s salt explofjes when ra])idly 
heated to 188 . Ry analogy with the hexammino-.salts, the h(‘xahydrated 
chromic, manganous, nicktdous, cobaltous, and cupric. ])erclil orates are 
sujipased to be hexaquo-salt.s, [Co(H.())^.J((q(yj).^, and [<hi( 11.0)^^(0104)0, wliile 
II. hj, Ro.scoe s cuju’ic .salt is su[)pose(l to Ix' cupric hexammino-diaquo-perehhu'ate, 
[Cu(NILj)4(IIj,(J)2]((d()4)o. Ifydrated ferric, percldorate is likewise regard(^d as 
[Fe(U20)ft](0K)4.1L(lj.^. A number of organic percldcjrales have been [uepared 
by K. K. A. nob()ld,-i7 R. Koth, and A. (i. von Zedtwitz. 
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§ 18. Periodates 

Altbcnigli ilie pt^rioda-t-es can ho conviuiientlv named in accord with the system 
indicated in Table III, decisive evidence i.s usually wanting to show wliotlier some 
.salts are hydrated forms of tiie .salt of on<^ acid, or acid salts of another acid. Kor 
example, it is not at all elear whether the ])eriodate, ‘JNuj^O.loO-.TFLO, is 
sveondftry sochaai parapcnoifatc, Na2fl3lOw, or trih\ d rated .sodiuoi di ntcso- periodate, 
Na^IoOj, .31120. In addition to the periodates, of tJie various periodic acid.s there 
are a number of complex salts ami acids, typified by the li(\c<(tiu)hjbd(ilo- perwilntes^ 
*.)A].20.l2O7.12M<)0;| ; the tctraiHolyhdatff-periodalr.s. lM20.Io(.)7.8ilo( and the 
•tiu))W}nolyl}date-perUHlafes, 3^20. l2()7,2MoO.,, where .M repre.sents a univalent alkali 
metal. Tungsten as well as moly Ixlenum salts are known. There are manv analogies ^ 
between ])eriodic acid and jieriodates on the one hand, and ttdluric acid and the 
tcllurates on the other. The solubilities of the alkali salts in botli cases decrease in 
passing fnuu tlie CLesiiim salts to the very sparingly soluble .sodium salts. The 
highly basic Ag(jTeOg and Ag^lOfj are pr(*pared in a similar way. Both acids 
form com])Iex ions, jTeOo]'^ and re..s[)eetively, and there are analogous 

i\ro(Te(MoU4)«l and iM^i 1 (Mo() 4 )q], and MefTe(W04)n| and AM5[IfW04)e]. Tlds is 
connected wdth tin* fact that tln^ tendency of the acids to associate into complexes 
increases in the vcrtic.il series of the periodic table up to the formation of partly 
colloidal acids as occurs with the neighbours of iodine tiu (W. Mecklenburg), 
antimony (Cl. Jandor), and tellurium (A. Rosenheim and (r. Jander)— in the same 
horizontal series. 

The periodates o! the alkali metals and ammonium.-- G. V. Rammelsberg ^ 
juepared white tetragonal crystals of lithium metaperiodate, ljilG>4, from a 
soln. of litliium dimesoperiodate in jicriodic acid crystals, I’he crystals are 
isomor])lious with the corresponding ammonium, sodium, and silver salts. The 
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axial ratio is a : c^-l : 1*5272. The crystals arc slightly soluble in water, and 
the soln. has an acid reaction. When a dil. soln. of periodic acid is neutralized 
with dil. sodium hydroxide, a soln. of what is supposed to be sodium meta- 
periodate is formed. Sodium dimesoperiodate dissolves in periodic acid with the 
sepajration of colourless tetiragonal crystals of sodium metaperiodate, which, 
according to T. V. Barker, are isomorphous with the periodates of ammonium, 
lithium, and silver. The crystals readily dissolve in water, forming an acid soln. 
The solid salt loses very little in weight when calcined at IW ; at 300"^ it changes 
to the iodate, and at higher temp, into tlic iodide. According to T. V. Barker, the 
crystals of anhydrous sodium metaperiodate are isomorphous with the corresponding 
ammonium, potassium, and rubidium suits. Its sp. gr. at 16' is 3*865 (water at 
i"" unity) ; and the mol. vol. is 55*37. The raising of the b.p, of water, determined 
by 0. Jjiebknecht, is 0*108 for soln. of 4*50 grms. in KX) grins, of water, and 0*702^ 
for soln. with 16*88 gnus, of the salt in ifX) grms. of water. From this it is inferred 
that the mol, wt. of the salt in soln. ranges from 125 to 13(>, corresjiondiiig with the 
ionization of two-thirds of the dissolved salt assumed to be the normal periodate. 
Crystals of dihydrated sodium metaperiodate, NaI()4.2H20, or, according to 
P. Walden, priw/try sodium qmrapenodatc, Nan4lOf„ se])arate from the acid soln* 
between 50‘' and 61^, and lose about 11*5 per cent, of water between 14(P and 150"'. 
Nitric acid soln. of sodium dimesoperiodate furnish trigonal, tetartohedral or hemi- 
hedral crystals of trihydrated sodium metaperiodate» Nal04.3Ho0, with 
a:c -l : J*(X)42, and a^94"' 8'. The sp. gr. is 3*219 at 18' (water at 4"^ unity) ; 
and the mol. vol. is 83*28. 1'he double refraction is fc(‘l>)y positive. P. Grotli 
gives a rotation of the ])Uine of polarization of 23*3*^ for the /bline,. for plates a 
luillinietro thick and 47*l^ for the 6*-line. According to W. G. Hankel and 
H. Lindenbcrg. the crystals show piezo- and [nTo-clectrical ])henomena. The 
crystals exhibit right- and left-handed <*ircular polarization. If th(^ mother liquid 
contains a great excess of sodium nitrite, says A. S. Kakle, the left-handed form 
preponderates. Tlie crystals are isomorphous witli ammonium ])eriodate. The 
aq. soln. reacts acid. Tlie crystals effloresce in air, and lose water rapidly ; they 
become anliydrous over cone.. sul])huric acid. At 2CX)'\ the crystals lose 18*68 per 
cent, of water; at 3(XJ', they fortu so<lium iodate; and the residue is neutral and 
free from iodide. The aq. soln. reddens on exposure to air and forms the iodate. 
According to E. Pochard, sodium iodide, reacts with soln. of the meta periodate : 
3Nal044-2Nal-l 3H2O "-=NaI03^-2Na2H3l()o bl^, followed l)y the secondary re- 
action : 2Na2l bj - “'^NalO;3-t Nal -j 3II.2O. 

Normal potassium periodate, i.c. potassium metaperiodate,. KIO4, was pre- 
pared by A. Ihre,^ by the oxidizing action of clilorine on a hot soln. of potassium 
iodate and hydro.xide, with the latter in excess. According to C. F. Ranimelsberg, 
it forms rhombic crystals isomorphous with potassium perchlorate, but, according 
to T. V. Barker, 0. F. Rammelsberg mistook a specimen of potassium perchlorate 
for tlic periodate ; and the periodate forms tetragmial bij)yramids. No rhombic 
form is known. The sp. gr. of the salt is 3*618 at 13' (water at unity), the 
mol. vol. is 63*60. 1(K) grms. of water dis.solve 0*66 gnu. of the salt at 13"' and the 

soln. has an acid reaction. The sp. gr. of the sat. sulu. at 13"' is l*(Xt51. According 
to 0. F. Rammelsberg, the solid does not change at 2(X)"\ }>ut at 3(X)'' it loses oxygen 
and forms the iodate ; and when calcined at a higher temp, it forms the iodide. 
T. Carnelley and W. C. Williams say the solid decrepitates at 389"' and melts at 
582'', J. Philipp states that chlorine- hoi or cold lias no action on a soln. of 
])otas8ium inetaperiodate ; iodine has no action on the boiling soln., but is oxidized 
to iodic acid at 160"', and the periodate forms the iodate, KIO3. A soln. of 
potavssium metaperiodate dissolves iodine forming a colourless soln. of iodate. 
Potassium iodide, also forms iodate, without the separation of iodine ; .‘^KI044“KI 
-4K1()3. 

T. V. Barker ** jircpared rabidium metaperiodate, Rbl04, by a method similar 
to that employed for the xjotassium compound, and the colourless tetragonal 
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crystals arc strictly isoinorphoiis with potassium motaperiodatc. The sp. , [ 
16° is 3-918 (water at 4" unity) ; tlic mol, vol. is 70‘r)<). KK) parts of water jU 1 
dissolve parts of tlie salt, and the sp. ^r. of the sat, soln. at 16° is l*<K)r)2. 'j ' 
chlorine oxidation f>rocess does not ^ivc a <i^ood yield of cirsiiim nxetaperi<Klai(\ ♦, ,> 
a ^roat ]>ro])ortion is ])reeij)itated as iodate. H. L, Wells’ process oive.s ln-n; i 
results. lie preparcnl normal (aesiinn periodate, that is, CSesium metaperiodate, 
('SIO4, crystallizing in well-deiined rhoinhic plates wliicli are not isomorjdious \\\(\, 
the corresponding eonij'oiinds of rnhidiuni and potassium, 1'he crystaLs of <;;esi(itii 
metaperiodate liave a sj), ur. of 1 209 (water at 4' unity) ; and the mol. v(»l, 
7(>‘l.tl, l(K) u^rms. of wnter at lo° dis.solve 2*15 ])aris of the .salt, so that the .suit 
is r(‘latively soluble in water. It ean he readily recrvstallized from hot wa1< 1. 
The sj>. er. of a sat. ,soln. at lo i.s l-OKid. Tlio acid salt, acid csesium iodato- 
periodate, ('slO^.IlKlj, or IK s(I(yl().|, ery.stallizes in soliihlo prismatie ervsfiih' 
from a soln. of ea‘8iun^ ])eriodate in dil, periodic* a<‘id, in which tlie periodic add 
sulfered a little reduction ; nr fifini a s(dn. (»f ciesium iodate and |)eriodntc in 
])(‘riodi(* acid. 

i\ F. Ifanimelsher^- and T. \\ Rarlcer rtiadf^ aidiydrous ammonium metaper- 
iodate, NH1IO4, in tetragonal crystals which are isoniorphous with the corresponding 
sodium, potassium, and ni])i(lium salts, and which liavc^ the axial ratio .-r; -^1 : J'")2I I. 
TJie sp. gr, of tln‘ salt at 18 is .‘jodd (water at 1 tinity) : and the mol. vol. is (><S ;;9. 
The salt is soliihle in \va(<‘r, lOO grms. of water at Id di.ssolve 2*7 gnus, of tln^ sail, 
and tlie sp. gr. of the sat. soln. at I(> ‘ i.s VOITS. 'Fhe aq. soln. has an acid reactinii 
When heated, ammonium nK'tapeiiddate detonates, forming iodine, oxvgtm, nitrotrvn, 
ammonia, and water. A. Hire pr(‘pan‘d crystals of what lie /(‘garded a.s trihydrated 
ammonium periodate, Nll^lOpdll.^) ; and F. Langlois. crystals of the dihydrated 
salt, NH4l(J4.2Jfo( ). Tlie crystalline, form (d the anhy<lrous alkali and ammonium 
metaperiodat('.s, says T. V. Barloir, are e.xt raordinarily similar to tliat of tlK3 minerals 
of the se}i(!elit('. group, due, no donl>t, to the similaritv in t)u» type of composition, 
KlO.i and CaWO^, just as is also the ca.se wjtli certain other [lairs f>f eompoiimls 
e.//. calciinu earhoiiate and sodium nitrate; and potassium p(‘r(*hIoratc iiiid harium 
sulphate. 

Ck F. Rammelsberg found tlial if a. soln. of lithium caihonate. Ix' nearly neutra- 
lized witli j)eriodie acid, a erystaliine mass is obtaine<l when evaporated in a warm 
place.-''^ The crystals have the composition trihydrated lithium dimesoperiodate, 
L^ROfj.dHwO, vvJiich (aiii also b(‘ n^ganled as secondaiy sodium [>araperi()dat(‘, 
Li2li;{lO(}. They h)se no water at J(Mr, but 9'2«S pm* cent, is lost at 2 <K)\ and at 
275° oxygen comes oil a.s W(‘ll. 

Sodium dimesoperiodate, or sreonthnu Hthinw para per W(lai(\ 

Na2lI;^K)r>^ h^^^^ bemi crystallized from a .soln. of sodium meta periodate made alkaline 
with the hydroxidi*. K. Ammernuiller und (1. .Magnus^ prepared it by leading 
chlorine into a s<dn. of c<[ua] parts of .sodium hydroxides and iodate, and crystallizing 
from the. boiling .sobi. ; (k (». laiiitscfi h*d (•hl«)rine into a soln. of iodine in ])()tasli- 
lye, until the dark-red .soln. was deenlurized ; on (evaporating, ery.stals of thci salt 
separated from the s<dn. ; F. JhKjUcs and A. Gerngross us('(l a .soln. of alkali hypo- 
chlcjrite in place of chlorine. M. Jl(5hnel lieated an intimate. Jiiixtiiro of an excess 
of sodium peroxidii with iodine (or sodium iodid(‘) in a porcelain (*rucil)le until it 
had ber'oine red hot in one j)art the flame is removtsl and the mass bec(jmes hot 
without the evT>lutinn of iodine vapours. The iodide and iodate simultaneously 
formed are leached out by wasliing with wat<*r. Sodium dimosop(uiodate is very 
sparingly soluble in cold water, and but slightly solubh^ in lujt water. Ari'.ording 
to A. Rosenheim and E. L/iwenthal, this salt is n^adiiy soluble in water, lOO grins, 
of the sat. soln. at 0\ 25 ’, 10°, and I0(r contain n'spec.tively 0 104, 0*157, 0 187, 
and ()*434 mols. of the salt. Tlie sat. soln. have a faint opalescence, but there is 
no other indication that a ('olloidal soln. is fornH'd, such as A. Rosenheim and 
(i. dander found to be tin' case with sodium tellurate, Na2ri4Te()(j. Sodium 
dime.soperiodate dissolves readily in nitric acid, and is decomposed by acetic acid, 
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forniinjT sodium iodate and fonnici acid. This salt does not lose its water over 
cone, sulphuric acid - accordine to C. F. Ranimelsber^, it Joses J 92 per cent, oi 
its water at 185 '' ; about 10 j^er cent, at 220"" ; and oxyj^en begins to come oJT at 270 '\ 
and sodium iodate is formed. TJie residue remaining after it lias been sintered is 
a mixture of sodium iodide and oxide. According to A. Hire, crystals of tetra- 
hydrated sodium dimesoperiodate, Na4l209. 411^0, separate when ammonia is 
added to a soln. of the met a p(‘r iodate ; tJicy do not absorb carlmn dioxide from 
tlie atm. A. Hire obtained monoclinic crystals of what is tluniglit to be hepta- 
hydrated lithium ammonium dimesoperiodate, (Nlf4)2Li2l209.7llo(), by the 

addition of ammonia to a mixture of litliiiim nitrate and sodium inetaperiodate. 
Tart of the ammonia and water i.s lost at HK)'. 

F, Ammermuller and (t. Magnus crystallized potassium dimesoperiodate, 
K4I2O0.9H2O, from a soln. of potassium metajicriodate made alkaline with potas- 
sium liydroxide ; A. Hire triturated [jutassium inetaperiodate with an alcoholic soln. 
of potassium hydroxide as long as the inetaperiodate dissolved re.adily. Needle- 
like crystals whicli sejiarate from the soln. belong to the triclinic system and have 
axial ratios, a : 6 : c- : I ;0-7l2r); a— 97 '' 17 *r>l' ; / 3 — oT'" 12 '. 

'Ihis salt ma.y be the trihydrated SfTOHfhiri/ jiofffssiinn pardpvrioddii*. K.2H2lD6.3H2^1' 
The erystals lose nearly all their water over cone, sulplinric acid. (■. F. Rammels- 
)>erg and A. Hire say the crystals are always hydrated. F. Ammermuller and 
(j-. Magnus say anhydrous. The dry salt lose.s from 70 to 77 ])er cent, of oxygen 
wlien nuTtt'd, and some iodine, forming what C. F. llammolslxu’g thought might be 
an oxyiodide, 2KI.Koflj grins, of cold water dissolve* 1<)*3 jxuts of potassium 
dimesofieriodate. Aci'ording to J. Philipp, iodine converts the salt into the iodate 
and iodide: K^l^Oy f-L --‘>KI( )34-K I ; and chlorine conviuts it into the meta- 
periodate: p3('l2--d)K(1()4 i lv(T03-i oKCl. V. W. Kimmins ])repared 

tertiary dimesoperiodate, 3K.2().2l2f lhat is, K'^Hfothn In' acidifying with 

a little nitric acifl the wasli-water and mother liquid obtained in the ])reparation 
of potassium nictaiodate. Tin* white ('ivsials are very sparingly soluble iii water. 
V. F. Rammelsberg? found crystals of trihydrated ammonium dimesoperiodate, 
(NHi)4l2<V3noO, <0 se])arat(^ from a soln. of ])eriodic acid in a large excess of 
aaimiojiia. The colourli\ss crystals belong lo the trigonal system with the a.xial 
rath) a : c - 1 : i iUlS, and a -78 38 '. Those erystals have also been regarded as 
secondary amiuoniuiii para])eriodate, (Nll4)2H3lO. 

A. Hire 8 ])j“c])ared soiUum mesoperiodate, Na 3 l 04 . 2 ir 20 , by mixing a cone, 
alc.oholic solution of sodium hydroxidi* 4\ith a warm cone. soln. of the meta]>oriodate. 
E. Muller also made it by the electrolyti<*. oxidation of sodium iodate. Small 
hexagonal [dates separate Avhicli ab.sorb moisture and earbon dioxide from the 
atmosphere. Aicording to t). W. Kimmins, the co]U])osition of the sodium salt is 

Na3l< >5. HA ). 'iTie < 01 n*sponding tetrahydrated potassium mesoperiodate, 

K3l05.fH2(), is olitained in a similar manner in rhombohedral crystals wliich lose 
th(*ii* water at 180 '". 

0 . F. Ra mnielsberg [)ri*pared lithium paraperiodate, Li5lO(j, by the feeble calci- 
nation of lithium dimesoperiodate up to the t emp, at which the development of iodine 
commences, WJicn the sintered mass is h*ached with a little water, some lithium 
iodide is removed. The salt n*adily dissolves in water, and furnishes a precipitate 
of the silvan* salt when treated with silver nitrate. Trihydrated lithium dimeso- 
jieriodate, Iii4Jv2t)9..TH20, may al.so be rogardetl as secondary lithium para periodate. 
LioO.-jOo. According to A. Rosenheim and E. Liiwenthal, if a solution of a mof. of 
periodic, acid be gradually added to one containing two mols. of lithium hydroxide, 
the precipitate lirsi formed redissolves, and when the soln. is heated on a water- 
bath, microsco])i(*. sjilierulites of tertiary lithium j)araperiodate, Li3ll2lOo, separate 
out. The crystals are very sjiaringly soluble in water, and the soln. has a feeble 
alkaline reaction towards litmus. 1 f a feebly acid soln. be evaporated ov(*r sulphuric 
acid, bipyramidal crystals of vsoeondary lithium para periodate, Li2H3lO(5, separate. 
This salt is sparingly soluble in water, and the soln. has a feebly acid reaction towards 
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litmus. A. Rosenheim and E. Ldwenthal altogether failed to prepare C. F. Ram- 
melsberg's LiI04 ; and examined the system, LiOH --HsIO^— H2O, at 17°, and found 
that like das halbkoUoide LithmDdelluTate of A. Rosenheim and G. Jander, the 
lithium periodates form adsorption compounds whose composition is a function of 
the concentration of the sodium hydroxide. It is remarkable, however, that with 
the ratio Li^O : l207~51, there is virtually no adsorption, and the progress of the 
curve indicates that the salts Li^IO^j may jmssibly exist, but there are no bre4iks 
in the curve corresponding witli the formation of such salts. It is very doubtful 
if the salt Li^IO^, which (J. F. Rammelsberg claimed to have made, has really been 
prepared. Dihydrated sodium metaperiodatc, NaI{)4.2H2tb 4)e regarded as 
primary sodium paraperiodate, NaH4l()e. The so-called secondary sodium para- 
periodate, NagH^JOc, can also be regarded as trihydrated sodium dimesoperiodate, 
Na4l209.3lfo(). P. Walden also prepared what he regarded as normal sodium 
paraperiodate, Na^lO^. If the se(‘ondary sodium ]>araperiodate (/.c. sodium dimeso- 
])eriodate) he crystallized from a strongly alkaline soln., six-sided crystals of 
tertiary SOdium paraperiodates, Na3H2K)(^, are formed ; if the soln. is but feebly 
alkaline, unchanged (juadratic. ])latcs of the secondary salt separate. Tliis salt was 
prepared by A. Ihre and (\ W. Kimmins. E. Lowcnthal and A. Rosenheim 
examined the system NaOH at 17‘\ and found that neither the 

secondary nor the tertiary sodium paraperiodates showed colloidal characteristics, 
and that in u(j. soln. no salt of higher basicitv than the tertiary salt is formed. 
P. Walden has measured the electrical conductivities of the sodium para])eriodat(‘ 
salts. V. F. RammelslMug s secondary ammonium paraperiodate, (NH4)2H3l()(i. 
may really be the trihydrated ajnmonium dhnesoperiodat(\ {Nll4)4T2(>9.3Il2() ; 
similarly the trihydrated secondary potassium paraperiodate, K2l!3l06’3H20, 
may really be the sct'ondary potassium dimesoperiodatc. A soln. of ])oriodic acid 
when mixed with two eq. of ammonia in Iff) per cent, solji., furnishes rhombohedral 
crystals of rhomboh(‘(lral secondary ammonium para[)eriodate, (Nlf4)2H3lOQ. As 
C. F. Rammelsberg showed, if Ilje soln. be aciilic instead of amn>oriia.(‘ai, it furnishes 
the metaperiodate, Nl'l4]()4. An a(|. soln. of the former is alkaline, and one of 
the latter is acidic towards litmus. A. Rosenlieim and E. Ldwfmthal o])tained a 
still more basic ammonium para periodate, (NH4)3H7(l()fj)2.2.lH2(), by heating 
periodic; acid with a great excess of 25 per cent. aq. ammonia in a sealed tube to 
140^. Crystals are deposited as the soln. cools. Sc^vcTal periodatc'.s of organic 
bases have been juepared. 

Silver periodutes. liy evaporating a soln. of silvcn* dimesoperiodatc'. in warm 
nitric acid, K. Amniermiiller and (1. Magnus obtaimai orange-yellow crystals of 
anhydrous silver metaperiodate, Agl04 i and i\ W. Kimmins obtained the same 
crystals by heating liydrated silver dimeso periodate for six hours at J3(/-. Roth 
C. W. Kimmins and F. W, Fcnlunds regard the salt producHid by the first-named 
process as monohydrated silviu* metapcTiodate, .'\glO4.HwO. which loses its w'ater 
when heated six liours at 130'. AVheii heated the (Tvstals deeomjjosc; into silver 
iodide and oxygen. Wlien treated with cold water, they form a straw-yellow powder 
of trihydrated silver dimesu[)eriodatc, AgjlwO^.dll.^O ; with warm water, u red 
powder of mcjiiohydiatcd silver dimesopcjricKlate, Ag4l2Gy.Hv20 ; and when boiled 
with watc'r, or nitric, aeid, a little silver iodate, AglO-j, is formed as a sparingly 
soluble white powder. i 

If silver nitrate* be treated with a soln. of sodium diineso})crio(iatc in dil. nitric 
acid, arul the pale greenish-yoilow precipitate be vvashc’d wdth water acidified with 
nitric acad, and then dissolved in warm dil. nitric acid, the soln. furnishes, on 
cooling, straw-yclluw trigonal crystals of trihydrated silver dimesoperiodate, 
Ag4l2G9.31l2(b 1 he same salt is formed when the orange- red crystals of silver 

metaperiodate are digested witli water ; and a soln. of r)otassium dirnesoin'iriodate, 
acidified with nitric acid. 

According to ( . VV. Kinuriins, (limu-eiit stiUs ar«‘ fU)baiiied by varying the concentration 
ol tno nitric acid. Jt‘ the amount of nitric acid bo just sutHcient to ofFoct the aolu. of the 
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Hocliutn periodate which is treated W'ith silver nitrate, a dai*k-brown precipitate of secondary 
silvciT mesoperiodatVy AgjHIOj, will be formed; C. F. Rammelsberg stated that this salt 
is silver niesoporiodate, Ag^IOg, and is also obtained by treating trihydrated silver dirneso- 
periodate with silver nitrate in the cold, but C. VV. Kiinrnins could only get Ag2HI05. 
If a slight excjess of nitric acid bo used to dissolve the sodium salt, a clark-rod precipitate 
of secondary silver paraperiodate, AggHafOe* is formed - ■])Ossibly Ag4l2t)».3H2(> — and if 
a still greater excess of nitric acid be used a slatfvcoloured precijiitatc of tertiary silver para- 
periodate^ AgsHglOg, is possibly fomicd—but the evidence is not satisfactory. With cone, 
nitric acid, tnonohydralt'd silver nirtaperioda-fe, Agl04.H20, is formed. Similar results 
were obtained by 0 . W. Kirnmins by the use of acidifiod soln, of pottussiurn dimesoporiodat© 
and silver nitrate. 

The trigonal crystals of trihydrated silver diinesoperiodate have the axial ratio 
ft : c=^l : 2*06r>. They become grey on exposure to light ; and wlien heated 
to 100'^ for 12 hrs. , or repeatedly treated with warm water, they furnish a dark 
reddish-brown cry.stalline ])owd(‘r of moiiohydrated Silver dimesoperiodate, 
Ag4l20Q.H20. The crystals, when heated to 125"' (F. W. Ferlunds), VHf (C. W. Kiiu- 
mius), or 150'^ ((^ F. llainmelsberif), lose their water of crystallization and form a 
clu)C<datc-brown powder of anhydrous silver dimesoperiodate* Ag 4 l 209 . Tlie 
liydrated forms readily dissidve in w^arm nitric, acid. Tlie silver dinu'.soperiodates 
decompose slowly when boiled with water. According to C. (h Lautscl»,ii^ ammonia 
preci}>itates a substance with the composition Agglo()jj, which A. Rosenheim and 
U. Liebknecht and C. G, Lautsch regard as a mixture, not a com])ound. According 
to F. W. Ferlunds, if a neutral soln. of a periodate 1)0 treated with silver nitrate, 
or if silver diinesoperiodate be boiled with water for a long time, silvor I116SOp6rio- 
date) Ag 3 l 05 , is formed. ('. V, Rammelsberg considers that F. W. Ferlunds' salt 
is a mixture of dimesojieriodate and parajieriodate. Rosenlieim and 0. Lieb- 
knecht prepared this salt by adding just enough nitrit*. acid to a suspension 
of sodium paraperiodate in water to dissolve all the salt, and then treating the 
soln. at 1(X)^ with a neutral soln. of silver nitrate ; and they also made this salt by 
treating a boiling soln. of secondary silver paraperiodate in dil. nitric acid with 
freshly pna-ipitated silver oxide, and filteriiig through asl)e8tos. Black crystals 
of silver mesoperiodate, AgpJO,^, separate out on cooling the soln. xVccording to 
A. Rosenheim and O. Jjiebkneclit, if secondary silver paraperiodate, Ag 2 H 3 l<)(j, be 
boiled wuth water ; or, according to 0. W. Kirnmins, if silver nitrate be added to 
a soln. of sodium paraperiodate containing jinst sufficient nitric, acid to dissolve 
the sodium salt, the chocolate-brown precipitate is secondary silver mesOP6riodatet 
Ag^HlOr,. 

Ac'ooniiug to C. (i. Laufsrli, a suit of tho rompositiou (Air_j(.))4. 1.2II7 formed when 
sutlicieiil tiiliydraled .silver dimesoperio<lalo i.s poured into a soln. of nitrate to leave 
exeesH of silver in soln, after the dark brown salt is pn'eipit.aleil. 'Fho produet may be a 
mixture; it ran b<' heated to lot)"’ without deromposit ion, and when the temp, is rai.sed, 
it melts to a brown mass, and linally forms a mixtun' of silvi'r and silver iodide. It is 
insoluble in ammonia; nitric acid gradually converts it into trihydrated silver dimeso- 
])eriodate. 

0. F. Rammelsberg says that normal silver paraperiodate, AgsIO^, is formed 
by adding silver nitrate to a rnuitral soln. of an alkali })erio<late, but A. Hire, and 
C. W. Kirnmins failed to get this salt by using sodium or potassium dimesoperiodates. 
C, W. Kiitimins ol)tained what he regarded as secondary silver mesoperiodate, 
Ag 2 llI 05 . It is also obtained by boiling the dimesoperiodato with water ; or 
treating it in the cold with silver oxide. A. Rosenheim and O. Liebknecht pre})ai'i^d 
normal silver paraperiodate, AgglUo, by treating secondary silver paraperiodate, 
Ag 2 H 3 lO( 5 , with boiling water. The colour of the jirecipitate changes frojii yellow 
to reddish-brown, and linally black, and the liijiiid becomes acid. The normal 
silver paraperiodate then a.])pears as a black crystalline powder;^ the saiue com- 
pound is formed by treating secondary silver paraperiodate witli ammonia. Silver 
j>araperiodatc is very dark brown in colour ; it is anhydrous and decomj)oses at 
about 200°, forming oxygen, silver, and silver iodide. It is soluble in nitric acid 
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and ammonia. When the nitrie acid soln. is com*, hy evaporation, crystals of 
triliydvated silver dimeso]>eriodate. are formed. What is sometimes considered 
to be secondary silver paraperiodate» Af^ollsIO^, was first descrilied by V. Aminer- 
miiller and ( 4 . Magnus in lS; 3 d. It is obtained as a yellowish-;.ii:een [)recij)itatc 
by adding silv<»r nitrate to a com*, nitric acid soln. of the sodium salt. A. Rosenheim 
and (). Liebknecht nrade it by suspending the sodium salt, NaoH3lOfl, in water, 
adding just enough nitric acid to dissolve it, and treating the soln. witli neutral 
silver nitrate at 20 *^. It (-an be recrysta]liz(Ml fnmi dil. nitric acid soln. I'his salt 
jiiay really be the normal trihydrated silver dimesoperiodate, AgJ^Oy.'RLO. 
C. \V. Kiinmins also claimed to have made tlie tertiary silver paraperiodate, 
Ag3ll2l06, by adding silver nitrate to a soln. of sodium j)ara[)eriodate, in a great 
excess of nitric acid as previously indicated. 

Copper periodates.- -A green powder is o])taine(l wlien (u>p[>cr carbonatt* or 
hydroxide is treated witli periodic acid. V. V\ Rajurndshtug gives the 

(ompositioTi :>{ uO.Jdiy.^floO, tliat is, pentahydrated cupric paraperiodate, 

Cu5(l()t02*bRtJ^b The mother liquor also furnishes a ctoj> of crystals of the same 
salt when com*, by spontaneous evaporation, later a crop of dark-gretm crystals 
of hexahydrated cupric dimesoperiodate, TJiis salt loses about 

o lS jH‘r cent, of water at 200 ’ and ])ecoim\s brown. \W cva])t>rating nux<Ml soln. 
of eiipric sulphate' or nitrate' witli sodium metaperiudatc', M. lh*ngieser, Langlois, 
and (-\ G. Lautsch obtained a gre<‘n mass, which when (‘xtrac'ted with water left a 
bright green cryst alline salt which lia<l the com|)osition 40 u( ). >7. 1 b^O. that is, 

quaternary cupric paraperiodate, ( iioRlGf). V. banglois also made* it by treating 
copper carbonate with an cx(‘ess ol {)eriodic. a(‘id ; and i\ W. Kiinmins, by laiiling 
secondary sodium ])ara])erio(hite or potassium dimesoperiodate' with euprie* sul{>hate. 
Th(^ gre('n crystals an* very soluble' in nitric ae*id, anel eui <*vape>rat ing tliis se)ln. a 
bright yellow crystalline salt is formed w^hie'h lias ne>t be'e'n iele'iit ilieel. Trihydrated 
secondary silver paraperiodate, 0uHl()f,.»Ri2^b is Ibmu'd fn)m mixeil se)ln. e>f 
cupric nitrate and sexliuni juelape*rie.)ehit.c. A. We'rner n^jiarels this salt as trim- 
hydrated he.rolcupric ycriodatr, [(hi(fl().(’u.OH).{i(lt b)^. f fid). h\ (Jieelitti has 
prepared copper diparaperiodate, by aeleling sealinm metape*rie)ela.te' 

te) cop[>er sulphate or nitrate, or se'eemelary pe)tassiuni mese)pe‘rie)elate‘, KoIIiDr,, 
to cojqa'r ace'tat(*. It is a greenisli-ye’lle)Av peiwelcr, which be'cenncs anhy(ire)us at 
120^ Copper metaperiodate, (hi(l(b)i!^ is formeel as a sky bine' |»n‘cipitat(‘ by 
boiling a mixture of coppe'r aea'tate anei pe*rie»elie* ae i<l. anel the* three* copper para- 
periodate salts, ('liGflGoio.TfKU, anel t u-t known. 

The first is obtained as a green ])ow(le*r by adding an e'xe ess eif c()p]H*r acetate, to 
secondary pe)tjissinm mcse)p(*rio(late, KolffOr,, anel boiling the pre*erq)it,ato witli 
ammonia ; the se'cemeJ as a gre(*n ])e)W<Ier by di'^solving ee»p|)en' e‘arbe>nat(* in aep 
])eriodi(‘. acid; anel tlie tliird as a yt'llowish-gnen peiwelcp by disseilving co})peL 
dimevSojierioelate' in nitric* acid, and boiling the* liejuiel with eiqirie*, hy(lre>xiclei. 

The periodates of the alkaline earths, (b K. Rammelsberg 1 * e>btained calcium 

metaperiodate, ('a (104)3, by tin*. a('lie)nof ])e*rio(lie ae iel on a sedn. of ealeinm hvdroxide 
or dime'hsoperioelate’, the solid separatees on e oncenitrating tlie ae*id .soln. ; similarly, 
when a soln. of strontium carbonate in an e\e*ess of ])(*iie>eljc ae id is cone, in a 
desiccateir, large, probably triclinic*., crystals e>f hexahydrated strontiummetaperio- 
date, Sr( 1 0,4)3. fi l l 3O, arc* formc'cJ. 1’h(*y lose I 2 ’.‘ 3 fi [ler e‘e*nt. of wate^r wdien cone, over 
cone. siil])huric acid, and the remainder at !()()'. Tiiis salt exploeles whc'U ht*ated ; 
the aq. wSoln. has an ac*icl reaction, and givc*s a ])i'('cipitatc‘ wfien irvatc'd with ammonia. 
When the attempt is inacR. to conc'e»iitratc‘. the*, soln. cd barium metaperiodate, 
ba(I04)2, }>repared in a similar manner, tlic* diinc‘S(>pe*riociatc; is dc])osited when the_^ 
soln. is cone., so that tlxi luetaperiodate'. has not bc*en isolated in a solid state. 

If an alkali periodate be* treated witli a soln, of a barium salt, (h V. Rammels- 
berg says that the soln. bc.'comc*s more and more ac id with soclium [leriodate : 
2NaI04 f2Ba(N03)2 J Il20~-Ba2l20.) I 2NaN03 l-2ilN()3 J wdth jiotassiujn 

dimesopei'iodate the soln. rejnains neiitrul. The voinminons precipitate soon 
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becomes crystalline, and is said to be barium dimesojjoriodate, Ba2lBOn.7H2<), 
although the cvideJice is mjt decisive whether there are (J, 7, or 8 molecules ol water 
of hydration. Tlie same salt i.s precipitated when l>aryta water is dropped into 
periodic acid until the mixture, is distirudly acid ; and, accotdinvi, to C. Lan«^\ovs, 
when baryta water is added to a soln. of sodium dimesoperiodate. 4he kydrate 
loses water at KX)", leaving a residue which approximates te BaalaOo.SHaU anu 
at 240 " it forms the anhydrous salt which decoinpo.scs at a bjgLcr temp., Ott 

oxygen a, id forming badum iodatc, BallOg)., ; and at a stil ^gher temp, bamrn 
itaraperiodate, BagClOolo. According to H. A. Auden and G. J. Fowler, when 
heated to 388" in an atm. of nitric oxide, NO, the salt is decomposed, ^ving oft 
mu<di iodine and forming barium iodide. The hydrated salt is soluble in mine acid, 
and, according to H. Kiimiiierer, is not decomposed by a mixture of aniiuonia and 
ainmoiiimn (jarboriiitc^, Jifn* by vv^ith ainnioniiJjn sulphate or OXBldtO. Tbo 

corre8])()iKlin<,^ Strontium dimesoperiodate, was jiiade by C. Langlois, and 

C. F. liaiHinels]>(;rijr iu u sinuhir inaii!i(;r ; and calcium dimesopedodate, Ca2l20g, 
with 7 or 1) nioleoules ol water of liydratioii was obtained by 31. Bengieser aud 
C. LrxTiglois, The white prismatic crystals of the hydrate become anhydrous at 
200'’ to 250'. 'flic crystals are soluble in water. 


WhcT) a soln. (.)f calcium (limc!<o}D'rio(latt' is Ircattd with amnamia, a ^^♦'latinoii.'s precipi- 
tate is t‘oriri('(l to whicli (\ liatnna'lshiMX' attri}ait(‘(l the /orniula SCaO..‘U..()--*- Aij. : 
A. lliro obtained a inixOirc of two conijiounds under these eontlitiuns. With bariuru dina'- 
.soperiodate, (\ J^. Kaimnf^lsbi'rfi .stated that r<.’il<lisli eiystal.s, eorivs])(>ndin^ with 

5lhi( ).‘?K<) j. ] SH ^O, are formed. (^ 1^\ Kaminelsb<*r;^ (I8ti8) and C. O. J^autseli al:^o re})orte<l 
a compound 5lhi().21 ^O-.oH ^O. 'riiesc ]>reeij)ita1es are ])robabIy mixtures of oxalc aiul 
period at e. 


A. Hire prepared barium mesoperiodate, Ha3(lU5)2, fuul also strontium meso- 
periodate, by addinc; a.mmonia to a dil. a(|. soln. of sodium nietaper- 

i(Hhitc, and flropping the mixinn^ into a soln. of barium or strontium nitrate as 
th(‘ case might be: 5Sr(.NO;d2 }-2NaI()4-|-bNaNU;p 

When Itarium lodatt* is heated to a high temp., C. Kaminelsbcrg found 
that a basic. ])eriodate, r)Ba().ld)7, that is, normal barium paraperiodate, Ba5(IOft)2. 
is formed: 5Ba(l()3)2 Ba-(lOo )2 I 1i2l Normal strontium paraperiodate, 
8r5(lUo)o, and normal calcium paraperiodate, formed iu a similar 

way. When the yellow^ mass is leaelied wit h water it yields up to one ])or cent, of 
barium iodide, and the white residue is insoluble in water and soluble in dil. nitric 
acid. 'Jdie soln. in nitric acid gives a preci})itate of normal silver paraperiodate, 
AgslOft, witli silver jiitrate. The yellow mass obtained by (‘aleining the iodate lias 
been stated to contain a cojiipound of bariniu iodide witli barium peroxide, which 
forms tlui ])eriudate when treated with water, h'or if an intimate mixture of l.>arium 
iodide and barium peroxide be In^atf'd in a long-neeked (lask, the mixture melts 
and reacts vigorously, miicli iodine is evolved, and a yellow mass is final! v obtained, 
whicli, according to (\ h\ llammelsberg, has the comjiositioii J.2HaU.2, and which, 
wlien treati'd with water, forms the periodate : lbBa2l04d 11120 -4Ba(01l)2 
d ^Bal^ l-r)Ba5(l()(,)2. ('. F. (Voss and 8. Siginra found that when the va]Kmr oi 

iodine in a stream of dry air, is passed over tfic oxides or carbonates of the alkaline 
earths, periodates arc formed, but no iodide or oxyiodide. Similarly, by heating 
barium iodide, in a stream of dry air until no more iodine is given olf. 0175 arm. of 
the iodide yielded O’OhS grm. of the jieriodato : oBaL 4To i BardTt)o)2- 

Hence, under the conditions of these experiments, barium paraperiodate i.s the 
most stable oomjiound of the three elements ooiu'crned. Barium carbonate and 
iodine vajamr do not yield the ])eriodate if air be excluded ; and the formation of 
periodate begins only when dry air is ailmiited. Hence, say C. F. Fruss and 
8. 8igiura, the formation of periodate is here referable vot to the direct re])]acenient 
of oxygen by iodine, and the subsequent oxidation of the iodide thus formed, but 
ratlier to the oxidation of iodine itself (a supply of nascent oxygen lieing deter- 
mined by the presence of air and barium oxide), and the union of the oxidized 



414 INORGANIC AND THEORETICAL CHEMISTRY 

iodine with barium oxide. Similar remarks apply to the action of iodine vapour 
and dry air on strontium and calcium oxides, but in a less marked degree, owing to 
the inferior stability of the ]:»rodiu*ts. Barium paraperiodate is decomjioscd when 
heated in a stream of hydrogen, forming water and a luixture of barium iodide 
and oxide. 

The periodates of beryllium^ magnesium, zinc, cadmium, and mercury. — 

A. Atterberg reported the formation of crystalline plates of beryllium meso- 
periodate, witli 11 and 13 molecules of water of liydratiou. the former, 

by crystallization from tlio sobi. of beryllium carbonate, in periodic acid ; and the 
latter, by adding beryllium sulj)hate to the mother liquor which rernair^s. The 
crystals are not very soluble in water : they dissolve in nitric ac id ; both hydrates 
lose water at KX)\ leaving SIM) still combined ; and on boiling with water they 
decompose, forming a basic salt which remains undissolved, and an acid salt which 
passes into soln., and whicli gives a glassy mass when evaj>orated to dryness. A 
soln. of magnesium carbonate in periodu* acid furnishes a sj^aringly soluble hydrated 
residue, 4MgO.I«>C7? a soln. wliich furnishes crystals of magnesium metaperio> 
date, Mg(I()4).10H20, winch are soluble in water, and liave an acid reaction. 

Langiois obtained magnesium diniesoperiodate, Mg^l^Gfc 12 (0. Langhus) 
or 15 (C, F. Rammels})erg) molecules of water of crystallization, in small prismatic 
crystals— probably monoelinic— by concentrating a neutral soln. of magnesium 
carbonate, in periodic aci<l. C. Ra!iimc1s))erg obtained the same (ompoUTul 
from the soln. obtained by mixing sodium mesoperiodatc. and magnesium sulphate. 
The crystals lose water about 1(K)'\ leaving a residue approximating MgoloOo-'^HoO ; 
the. water of hydratif)n is not lost over (‘om*. su!))huri<* acid. If a fe(ddy acid soln. 
of magnesium carbonate in ])criodic. acid b(‘ evaporated, in addition to magn(‘sium 
diniesoperiodate, and metaperiodate, crystals of magnesium diparaperiodate, 
Mg^ToOn-blM), ar(‘ formed; or maybe the acid motlier Ihpiid. remaining aftc'r the 
separation of the dimesoperiodate, gives an aiiioiphous pre(‘ipitHte of approximately 
Mg4LOii.t)llo(), winm partially neutralized with sodiiim carbonate. 

The periodates of zinc re})ort(Ml by (A Ijunglois and (\ F. Kammelsbcrg ^8 arc 
not well defined; many appear to l)o bash' pneipitates, and there are reasons for 
doubting their individuality, since their emnposition is based upon cjumiic al analysis 
alone. By treating zinc oxide witli a slight <‘xccss of periodic acid. (A F. Kammels 
berg obtained white pulverulent hexahydrated zinc dimesoperiodate, Zn.jIoOo.fiH^O ; 
and C, Langiois by using zinc carbonate in periodic acid jirepared zinc dipataperio* 
date, and a .soln. of this salt in periodic acid gave crystals of the 

basic salt, 3ZnO.2i2O7.7H2O, whieh A. Hire believes is not a mere mixture. 
C. F. Raminelsberg prepared the basic salt: r)Zn0.2l2O7. 1 j 11,^0, by the double 
decomposition of zinc sulphate an<l sodium ]>orio<late ; and, by adding ammonia 
to the mother liquor, obtained an amorphous ]>recipitate : 9Zn0.2fo07.121I.,0. 

C. F. Rammelsberg rcport.cd the formation of cadmium metaperiodate, 
0d(I04)2, anhydrous white powder, wlnm cadmium carbonate is treated with 

hot periodic, acid, and tlie precipitate washed and dried ; if a little free acid he 
present, trihydrated cadmium diparaperiodate, 0(^120,1,31120. is said to be formed. 

The white j)reci|)itate formed wlien sodium inetapiTiodate is dropped into cadmium 
sulpliate is said to furnish pentahydrated cadmium mesoperiodate, (^3(105)2.51120, 
wlieri washed in cold water and dried in air ; and the mother Ihjuor wlien cvaporatecl 
spontaneously gives small rhombic, cry.stals of enneahydrated cadmium dimeso- 
periodate, (M 2 I 2 O 9 . 9 H 2 O, with the axial ratios : 1: 0*71)5. The 

crystals are not soluble in water, and form the yellow dipara salt when boiled in 
water. (\ W. Kimmins treated se(*ondary sodium diparap(‘.riodate or ])otassium 
dimesoperiodate with cadmium sulphate, and he considcrcal the resulting brown 
powder to be secondary cadmium mesoperiodate, CdHlO.r,; the analysis agrees 
equally well with Cd2l209.H20. 

M. Bengieser 20 and 0. F. Hamnielsberg obtained a yellow precijiitate of mercurous 
periodate by treating a soln. of mercurous nitrate with sodiiim metaperiodate; 
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G. Lautsch uses a soln. of sodium dimeso period ate acidified with a drop of nitrie 
acid in place of sodium metaperiodate. According to C. G. Laiitsch, the jnecipitatc 
is mercurous paraperiodatc, Hg5lOQ, and, according to C. F. Rammelsberg. nmcurom 
diparapcriodate, IIg 9 l 20 i]. It is soluble in nitric acid, and the mercurous salt 
becomes mercuric ; ammonia converts the precipitate iiito a black ])owder. Sodiutn 
rnetaperiodato gives a precipitate of mercuric diparaperiodatCy when 

treated with mercuric nitrate, but not with mercuric chloride, C. G. Ijautsch used 
sodium dimesoperiodate in pla(‘c of the metape.riofiate ; the same salt is made by 
treating freshly precipitated mercuric oxide with periodic acid. This salt is reddisli- 
■brange, soluble in hydrochloric acid ; less soluble in nitric acid. Wlieii the soln. 
in nitric acid is much dil. with water, the salt is roprecipitated in the crystalline 
state. An excess of ammonia rcdissolves the precipitate. If a soln. of potassium 
dimesoperiodate be gradually added to an aq. soln. of mcrcuriti cliloride, a bright 
orange-ted precipitate is formed. ITie ])re<*.ipitate retains its colour when dried 
at 100 ^ ; and it has an empirical composition corresponding with oK^O.lOHgO. 
GloOy. 

A. S. Eakle^^ crystallized trihydrated aluminium metaperiodate, Al(I()^)3.3{l2^^ 

from nitric acid soln. in colourless octahedra. F. T. (Icve jireci^iitateJ a white 
microcrystalline dihydrated lanthanum mesoperiodate, Lal05.21i2(>, by adding 
periodic acid to a soln. of lanthanium acetate, but not lantlianum nitrate. P. T. Cleve 
also obtained an amorphous prec ipitate of tetrahydrated samarium mesoperiodate, 
Sml05.4IT20, of sp. gr. 3*793 at 21 * 2 ^ With yttrium ac^etato, two yttrium periO' 
dates were obtained; the first is formed as an amorphmis and wliite pr(‘rij)itate ; 
3Y203.2I207.6I120, by adding an excess of yttrium lutritc to j)eriodic acid : yttrium 
acetate gives a precipitate witli periodic acid, whicli dissolves in an excess of the 
acid, and the soln. furnishes mi(*rocrv^stals of tetrahydrated yttrium mesoperiodate, 
YIO5.4H2O. 

C. F. Rammelsberg obtained a pale^brown insoluble thallic periodate, 
3X1203.12^^7 by the action of periodic arid on thallic oxide, TI2O3. The 

com])ound is decomposed bj^ pr)t.asli lyc ; thaUoiis periodate has not been made. A 
3''e]lowish-whitc prcrajiitate is formed when thalloiis hydroxide is treated with 
periodic arad, or when sodium diiiiesoj>eriodate i.s added to the soln. of a thallous 
salt. The precipitate is reddish-yellow when driinl, and a]>pears to be a mixture 
of thallous and thallic iodates. 

The periodates of lead reported by C. F. Rairunelsberg are prepared by 
methods which arc so mn[)iri<*al that the indivirluality of the products cannot 
in many cases be regarded as established. The salt, 3PbO.I2O7.2H2O — may 
bo dihydrated lead mesoperiodate, Pb3(105)2.2H20 ; or lead diparaperiodate, 
Pb3H4(IOo)2 — is obtained as a white crystalline powder when lead nitrate is treated 
with potassium dimesoperiodate, or sodium ])araperiodate. It bceomos yellow 
when heated, and at lltr very little water is lust ; and on further heating it; decom- 
poses into iodine, oxygen, water, lead iodide, and oxide. F. (Jiolitti prepared 
monohydrated lead mesoperiodate, I’b3(105)2.1l20, by boiling a soln. of secondary 
lead mesoperiodate in dil, nitric acid with lead oxide. A(*cording to C. W. Kinimins, 
it forms the anhydrous salt, Pb3(U)5)2, after being heated for sojiie hours at 275 '^. 
Dihydrated lead meso])eriodate is sf)aringly soluble in water, readily soluble in 
nitric acid ; and if the nitric acid soln. be concentrated, it furnislies a dark yellow 
powder of leiid mesoperiodate, Pb3(I05)2 ; the same salt is obtained wlion lead 
nitrate is added to nitric acid soln. of the alkali periodates. Anhydrous lead meso- 
periodate is very hygroscopic, the dihydrated salt is not. 0 . W. Kinimins obtained 
lead metaperiodate, Pb(I04)2, by boiling lead mesoperiodate with nitric acid for 
some time, a small (piantity of an amorphous red salt being obtained which is dillicult 
to separate completely from the yellow meso])eriodate. F. Giolitti regards the 
precipitate which is formed when a soln. of lead acetate, acidified with acetic acid, 
is added to a cold soln. of potassium mesoperiodate, not as the mesoperiodate, 
Pb3(I05)2*2H20, but as secondary lead mesoperiodate, PbJlIOs.HoO. F. Giolitti 
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also preparcal quaternary lead paraperiodate, PbalTlO,!, by boiling t he mesoperibdate 
with w ater for a lon{^ time. . 

1\ T. (.leve-» Jirepared an insoluble thorium periodate l>y adding jionoaic 
ixcid to a thorium salt soln. ; and jioijodic acid ])roduces precipitate of Cerous 
periodate wdien added to cerous acetate. The precipitate rajjidly becomes 
yellow. 

0. h\ Kammelsbcrg *•^7 (ISGS) failed to make manganese periodate ; he found 
that wdien an alkali periodate is added to a soln, of a manganese salt, or periodic 
acid to manganese carbonate, a mixture of liydrated manganese dioxkle and 
manganous iodati* is formed. W. B. Ihici* obtained an intense red ])i'ccipitat6 
wdien a soln. of alkali periodate or perhjdie aeid strongly aeidilieil Avith sulphuric 
(or nitric) aeid is adiled to a soln. of niaiigam*se sul]))ial(‘ (or nitrate) strongl}’ at'idilied 
witli sulphuri(‘ (or nitric) aeid. The ]u*eci]utat(‘ forms slowly in the <*old, rajudly 
at In this wav W. R. Rriee ]>reparcd mang^uiiuto-sodiuiii dipurap^riodut©, 

Na2Mn2l20u ; eipiivalent to iSa^O-Al 11203.1207, 

manganese tervalent ; manganato-potassium diparaperiodate, K2Mni>02lu. The 
precipitate does not devtdop in luaitral soln., it is not acted on l>y Ix^iling w'uter or 
boiling a(‘id ; and an excess of manganese salt acts as a nxlucing agent. '^L)iesf‘ 
salts mav bo regarded as diparaperiodaU^s, derivatives oi ilipara periodic acid, 
Ilgl^Oij, with six hydrogen atoms (lisjilacisl liy two tervalent manganese atoms. 
They mav also he regarded as I'omplex salts of a niangunuto-pBriodiC UCid, 
evidem*<M)f tlie fonualionof wliieli is obtained with soln. containing a 
great ex(*ess of fre(‘aeid. I'his a< id may b(‘ n\gard('d as manganic diparapcriodate. 
0 . F. Rammelsberg found that when uranium tetraidilorido is tri‘ated witli 
potassium periodate, a greenish-griw juis ipitat e ol uranous pcriodatC is h»nued, 
wliich soon passes into yellow'islnvvliite uranyl periodate. According to (’. F. Hani’ 
inelsberg,-^ the pale vellow^ ])rcei]>itate obtained by Al. Rengiiesei* by adding jiotassium 
peri<.)(late to a ferrous salt is not /c/tuu.*; as was at first sup])oSiMl, but 

ratlin* a f(*iTic ])eriodate. 1 ’his salt is .soliilile in nitric, arid. Ferric mesopei'iodate* 
Fc*l( >5.1 IH2O, appears as a. \ elluw ish- brow n precipitat(‘. when a lerrnt salt is 
treated Avitli potassium [)(*riodate. C. \V. Kiuuuins, liowever, <*Iaims to have prc« 
pared ferrous paraperi^ate, Fe5(l()(j).2, as a brick-red pn‘(upitat(*, by adding a 
soln. of potassium dimesojjeriodati* to ferrous Milpliate. and a light-brown powder 
of seeoiulary f(urous j)arapei*iodate, FeJhdOjj, l»y adding a soln. <d sn'ondary sodium 
para|)eriodate to ferrous sulj)hate. On treating .srrondary sodium parapeuiodate, 
or potassium diniosoperiodatr, with ferric chloride, a, light-brow’n pr<*cipita,te is 
formed, wdiich, when dried at Ittt) , i.s a. reddish-hrow 11 jiowdcr whii li has a. com- 
position corre.s]jonding with tertiary ferric diinesoperi(^ate« Felll.^Oy. Boiling 

dil. nitric acid has no appreci.ibh' etTeet. on the s.ilt, luit when boiled with cone, 
nitric acid, it forms ferric metaperiodate, Fr( 104)3, yidlow j)owder. 

C. F. Bammclsbng (ISGS) found tl»at wli»*n nickel carb<jnatt.‘ is triMtcil with 
jieriodic acid, a green soln. is obtained, and a mi.xiure of nickel dioxide, inflate, and 
periodate remains undissolvfMl ; when tlx* green soln. is evaporated at a very low- 
temp., or over (*on(‘. sulplmrii; aeid, pe.lc nr(M*n ijuadrafie ]uisms an? formed. 1'he 
analyses are not satisfactory, varying from TXiO.lf.^Oy f (l‘) to G»i)ll20. The 
crystals are insoluble in water, soluble in jieriodio acid. When tlx* soln. is iicated, 
it forms nickel hydroxide and niekfd iodab*. 0. W. Kimmins has re|;)orted nickel 
mesoperiodute, Xi 3 (^^~^o) 2 ’ greenish yi'llow^ amorplxms pre<'ij)itat<? formed by 

treating a niekfd sulphate with secondary sodium paraperiodate. Ko action oi'Ciirs 
in the cold, but on boiling a tloeouleiit jireeipitate scparat(*s from the soln. A 
bluish-green gelatinous precipitate is foniXMl xvhen a, soln. of potassium dimeso- 
periodate is treateil with nif kcl sul()hate; wdicn dried at !()(/, ihe black crystalline 
salt nickel dimesoperiodate, Ni-hdh), is formed. No other salt w^as obtained by 
boiling the nickel periodates down wuth nitrify atid. (’. (!. Lautsclm^i obtained a 
greenish-yellow powder oii evaporating a soln. of sodium periodate with an excess 
of cobalt sulphate to which tlie composition 7 Co 0 .::il 207 has been assigned. 
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C. F. Rarnnielsberg failed to f)re])are a cobalt periodate y but always obtained a mixture 
of oxide and iodate. 

Complex acids and salts*- reriodic acid forms a series of complex salts and 
a(uds similar to those obtained with iodic acid. Chromato-compouiuls have not 
yet been [U'eparcd, but three series of inolybdato-' and tungstato-periodatcs are 
known. A. Rosenheim and 0 . Liebknocht and C. W. Blomstrand have made 
alkali hexamolybdato-periodates of the type formula, r>M20.l207,i2MoOa ; and 
the hexatungstato-periodates of the alkalies and alkaline earths with the type 
fornnila, r)M20.T207.12\V0;j ; (J. W. Blomstrand has made ammonium tetramolyb* 
dato-periodate, HN 114)20. 10O7.8M0O3.7H2O ; and A. Rosenheim and O. Liebknocht 
and ('. W. Blomstrand have made sodium and ammonium monomolybdato-pcrio- 
dates* »lM20.i207.2Mo03.8Jlw() : and ammonium and sodium monotungstato- 
periodates* .SM 20.1207.2 WO3. R. K. Weinland and O. Koppen liave made csesium 
fluoro-periodate, 2CsI( )4.onF.ll20, analogous to the lluoroiodates. 
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CHAPTER XX 

THt: ALKALI METALS 

§ 1. The History of the Alkali Metals 

The burning matter of salt lias aflioity for other Kubslniieefi still more forei^'n 

with which it will eoinbims leaving the metal of salt pun'. 'I'he transmul ation of salt 
is affected by much craft and cunning, leavitig a good nudal the- result, and whieii is like 
no otht'r metal, but the art is not known to common nu'ii.' -Itnorji; J]a( ox (c. 12r>0). 

The cleansing properties of an aep extract of the asli of vegtdable matter were 
known to the ancients ; it was also known that the liltered or decantiMi liejuid is 
charged with a salt which remains at the bottom of the vessel after the eva])oiTition 
of the ^vater. This salt was called netvr. Jeremiah (2. 2:2) referred to tiiis substance 
in the seventli century before our era. His term vvler, translated /oV/v, is derived 
by the scholars from natar, which makes neier or niin'. mean a sid)stance which 
effervesces. In one of Solomon’s sharpest Proverbs (25. 20), the referejice to the 
commotion which ensues on mixing nitre with vinegar sliows that huirov, what 
we now cull sodium carbonate, was in the wTiter\s mind. Idie velvr of tlie Hebrews, 
the nilrv of tlie translators, the nilron—virpov — of the (jrrec'ks, and the niirunt of 
the liomans, thus refer to the same thing. 

In his Meicorolofju, Aristotle said that the Umbrians extracted a salt from the 
ashes of reeds and bulrushes. Other references in the writings of Aristotle, Diosco- 
rides, and Pliny^ leave no doubt that the term ailrum referred to impure forms of 
potassiinn carbonate. For example, we. are t<»ld that nifrwn} whis obtained by the 
lixiviation of the ashes of the oak, wine-lees, the vine, and (Ahcj- plants wdiicdi w'e 
know to furnish impure ])otassium carbonate -ccac/rx clarelhtli — and in some 
cases, sodium carbonate ; tlie impure sodium e.arboiiate derived from the trona 
de])osits and saline lakes of Kgypt was also <*alled niirum. The saline efflorescence 
on walls — sal vturalc- — must have been noticed at a very early period, and the 
ancients, who smiglit medieiiial virtues in all natural bodices, must have eollecfcd 
and examined tlie ])ro[)erties of this saline mass which they also c alled nitnim. 
The alkaline cfllorescence of the soils in hot countries was lixiviated from the earth, 
and called nitru^n. These eUloresecnc/Cs contained variable amounts of saltpetre. 
Four different substances —potassium and sodium carbonates or nitrates — were 
thus confused under one term. ancients, indeed, were very prone to include 

many different substances under one name, even when tliese substances corre- 
sponded wdth one another only in a few accidental particulars ; in some cases, also, 
special terms w^cre employed to designate not different substances but ac'cidentai 
varieties of otie substance. 

There can be no doubt that the vilrnm of ancient writings must Imve been in 
some cases an alkaline carbonate, which in llieir nomenclature was confused witJi 
saltpetre. It is not known w^hen saltpetre was definitely recognized as something 
different from the ordinary nitrain. It is c,ojiimonly supposed that saltpetre' was 
a component of Greek fire invented near the end of the seventh century. 'I'he 
first definite reference to saltpetre appears in literature in conricc'tion with the 
preparation of gunpowder, Albertus Magnus and Koger Bacon, of the thirteenth 
century, both refer to this salt, and probably both derived their information frOTU 
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the same Arabian sources. It is not improbable that gunpowder was invented 
by the Hindus, for, in their country, saltpetre occurs abundantly in the village 
soils. The reci[)e for gunpowder was probably brought into Europe by the 
Saracens vid Africa about the twelfth or thirteenth century. About this time too 
the term sal pelrw — the salt of the rock — came to be aj)])iied ];>arliculaijy to that 
form of nitrum which alone could be used as one of the chief ingredients of gun- 
powder, and Greek fire. The later alchemists also employed the term sal nitri 
for the same salt. According to J. Beckmann, the term nairon or natrium arose 
from a modification of the pronunciation of the old term niirum in the patois of 
the East. The term natron was then applied to the native nitrum (sodium carbonate), 
and the laltcu* term, altered to nitre— a synonym for - was reserved for 

sal petra\ 

The term natron first appeared in European writings - towards the end of the 
sixteenth century, although natrum was used in the tenth ceniury for the mineral 
alkali by the l\irsian writer Abu Mankur Muwafl’ak in a work on The principles 
of plumnarolopjf (Flirow, 975).*^ The halbvitritied ashes of certain plants, e.g. 
glasswort, were cultivated and introduced by the Arabians into Europe for making 
glass, soap, dyes, etc. Those plants first used were called by various names, c.r/. 
herba kah\ where kali is the Arabian term for ashes - to roast. 

Tb<* scholars tell um that tlx* term htU was ])rol)HbJ\' ^lerivod by Hit* Arabitnis 
from th(' Stuisevit. It appears tu liavi' been the nirubi natrii' fur a ( lest ru\ in;L^ j.'XKltli‘ss 
who bad nninennis anus aiul t'e(l-]>alnied bands; her eyts wore red, and lar bie(‘ and 
breasts \v<'ro hesineareti with blood. 'Flu' narno Caleiitta is deriv(‘d frotn Kali^bai, nieaninuj 
Ktdi's landin^-plaeo. ’ 

The term kali with the al prefix referred to the Italf-vil.riticd ashes, and hence tlte 
salts obtained from the ashes of plattls wen^ called alkaline salts as well a.s niirutn. 
The term sal alchali for the ashes of sea-plants appears in th(‘ writings of the Ltitiu 
Gcber about tJie thirteenth century ; and the same term was also (unployed for the 
asltes of land-jtlants. It is known tliat the former finnishes a. large proportion of 
sodium carbonate, tlic latter pottissiuni ctirbonate. Later on, in order to distinguisli 
these salts from ainmojiiuni carlamate, they were termed fixed alkalies, and 
amjnonium carbonate was ca,ll(*d volatile alkali. 

The ditlerence in tlic two f<;rms of fixed alkali- - if it w^as noticed at all- att.ractt‘d 
no particular attention until J. Bolm (1083) found that two dificrent kinds of 
crystals of SHlt)»etre were obtain(3d from salt and from wood as!n»s ; and G. E. Stahl 
(1702) showed that the alkali in cojiiinoii salt is difierent from that in W'^ood ashes. 
11. In Didiamel du Sloneeau (1730) also rec.ognized a difierence between potash 
and soda ; but A, 8. ]\Targgraf (1702) deiiu»nstrated clearly the essential dilTcrence 
between the pro[>erties of these two bases, lie iioIimI that tlie sulphates obtained 
by the action of suli)lturic acid on common salt and on t-hc fixed alkali obtained 
fnmi wood ashes, are diJb‘rent -the former is more solulde in water than the latter. 
The nitrate de^i^M3d from the base of coinnujii salt c.rystallizes in <‘ubca ; the nitrate 
from vegetable alkali crystallizes in i>risnis. I'he former colours a Jlame yellow, the 
latter blue. The cliloride of mineral alkali is common salt ; the chloride of vegetable 
alkali is the di</eshve salt of Syleius. The carbonate of the mineral alkali is not 
deliquescent in air, tlie carbonate from vegetabhi alkali is deliqiu'scent. 'The two 
alkalies were distinguished by using the term vegetable alkali for j)oias.sium 
carbonate, and mineral alkali for sodium carbonate. It was generally su]>posed 
that the alkali occurred only in burnt ]>laiits, but in 1781, J. 0 . Wiegieb sliow'ed 
that the alkali is present in fresh plants. When M, H. Klaproth (1797) ^ showed 
that the - vegetable alkali- occurred in many jnijierals, the term 

potash (English) or polasse (Krericii), ^vas applied to tliis particular base ; the word 
is a corruption of pot- ash— the asli or residue of tluj pot — in reference to the pre- 
paration of mtram by the evaporation ® in pots of the clear lixivium from wood 
ashes. The (U*rinans use the term Kali. M. H, Klaproth also proposed to confine 
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the term 7tafron to mineral alkali, sodium carbonate. The English cq. for natron 
is soda, and the French, sonde. The word soda is supposed to be derived from the 
Latin solida, a solid, through the Ttalian soda, a term applied in the Middle Ages to 
all alkalies, and particularly to the ashes of the glasswort, barilla, or salsola, which 
were used in making glass and soa}}. The lirst lett('r of the word kali is used by 
all chemists avS the symbol for potassium and the first two letters of tin* word natron 
lor sodium. 

The chemists or alchemists gradually acquired a knowledge of the various salts 
produced )>y the action of acads oji iiitruvi : and of the transformations of the 
various salts from one fonti to another, hy tlie action of aeids on the dilferent 
sails —c . 7 . sulphuric acid cm sodium chloride. The carbonates of the alkalies were 
called mild alkalies to distinguish them from the caustic alkalies. It was known 
quite early that the caustic alkalies are obtained l)y the action of quicklime on the 
mild alkalies ; for example, the Latin (Jeber 7 and Alhortus Magnus of the thirteenth 
century knew that the ash of plants furnished a caustic alkali when treated with 
quic'klinie and water. Tin*, process is essentially tliat employed to-day. 

Potassium and sodium.- -A. h. Lavoisier regarded the alkalies and earths 
as sim|)le su]>stane(‘.s Avhich, with increasing knowledge', may j)r()Vi‘ to be complex. 
In the second part of his A Neio Sj/sfe/ii of (Air mica! Philosaphif (L(>n(lon, 1810), 

Dalton considered the metallic oxides potash atid soda to be siiiq>]e elements, 
and the metals potassium and sodium to be cojn[>()Unds of jx^tnsli or soda with 
hydrog(*n. Jl. Davy nduted J. Dalton's argument, and lat(‘r remarked : 

111 iny (>])ininn, Mr. Dultoii is too niueh of an Atomic PhitoHopfai and in makiii}jj atoms 
airange I hemsolvL'S according to liis own hy])othesis, }n' has ofliai indulged in vain s))eenla- 
tion . . . the essential and truly usi'ful [>art of his doelrino ... is )i(‘rfertly imle|>end«‘nt 
of any views J*espeeling tla*. ultimate naluro either of mat In* or its elements. 

We are told by fl. Davy tliat, in 17h(), M. Tondi attempted to obtain the constituent 
elements of these earths by lieating a mixture of the oxidi'. with carbon. In some 
cases he obtained metallic reguJi. }[. Davy also jiointed out that G. E. Stahl 
approached very nearly t<^ the disrov(*rv of the ])iire alkalies, for he exposed a 
mixture of solid caustic potash and iron liliiigs to a long-continued heat, and stated 
that in this way an intensely c.austic alkali - calde caas(icum— i^ ])roduced. The 
oxides were not delinitely resolved into their elements until 18U7, when Jl. Davy 
isolated ])otassiuni and sodium hy the electrolysis of their hydroxides,. 

About the middle of the thirteenth century, Kogc'i* Bacon, in his Ars Omnia, 
made some references to the mrtal of salt, ^ and this has been considered to refer 
to tlie early disc.iivery of the metal sodium. Roger Bacon also said t hat the “ metal 
of salt ’ can transmute otli<*r metals into gold, Tliis, adds G. F. Kodwell, ])roves 
that no n'Hane.e can be placed on the assertitm ; and, furtlier, since the same writer, in 
his Dc mirahili potestate ariis et natnr<r, seems to liint at tlie steam or some e(juivalent 
engine, at a diving aiiparatiis, at a flying machine, and at a kind of dixir vila\ 
it miglit be maintained with eijual force that thesi* engines and sjiecilics were 
likt'wisc known to th<* aricimits. If one statement, he accepted literally, other 
statements made hy Hie same author under like conditions liavc a right to similar 
treatment. This leads to palpable alisurdities. 

lo ail individual passage from an obscurely written work, and to found on it. the 

(‘laitris of its author some great, di.scovery aiiributed to a nnieh later |>(‘riod, is a very 
i:)orni< iuus jiractice, and can lead to 110 good result. 

Lithium.- Lithium oxide was dis(‘overed by A. Arfvedson, in 1817.*^ while 
analyzing the mineral petalito. His report was ('ntitled : Untersucluinffi n dnujer 
bm der KiseuAirnhe von. IJto rorkoni menden Fossiiien and von einem darin pefande'neti 
veaen fenerfesten Alkali. He. found the. sodium to be contaminated by a n alkali 
which, unlike potassium, was nut removed as a procipitat(‘ ]»v treatnu'iit with 
taiturie acid, and, unlike sodium, it formed a sparingly soluble carbonate The 
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name lithium is derived from the Greek XC0€o^ -~stony-‘ because it was believed, 
at the time of its discovery, that its presence was confined to the mineral kingdom , 
but R. Bunsen and G. Kirchhoff showed that the element is generally distributed 
in the animal and vegetable kingdoms, as well as in the mineral kingdom. 
A. Arfvedson’s discovery w^as confirmed by L. N. Yauquelin in 1818. A. Arfve^son 
and C. G. Gmelin failed to isolate the metal by heating the oxide with iron or 
carbon ; or by the electrolysis of its salts — ^|)robably because too weak an electrhi 
current was employed. H. Davy succeeded in isolating a minute quantity of the 
metal by the electrolysis of lithium chloride; and in 1855, R. Bunsen and 
A. Matth lessen obtained the metal in quantity, and examined its chief properties, 

Cassium and rubidium. - R. Bunsen and G. Kirchhoff (1860),^ ^ while investi- 
gating the mineral waters of Durkein (Palatinate), evaporated down 40 tons of 
the water, and reunoved the alkaline earths, and lithia with ammonium carbonate. 
The filtrate showed the spectral lines at sodium, potassium, and lithium, and 
besides these, two sj)lendid blue lines ’’ near to the blue strontium line. R. Bunsen 
and G. Kirchhofl add : 

Ah nc) eleinentaiy body producea two blue lines in this portion of the spoetruni, wo 
may consider the existence of this hitherto unknown alkaline element waH thus placed 
beyond doubt. The facility with which a few thousandths of a milligram of this body may 
be recognized by the bright blue light of its incandescent vapour, oven when inix<^d with 
large quantities of more common alkalicH, has induced us to propose for it. the name cjesiurn 
(and tlio symbol Cs), derived from the Latin ca'/tios, used to designate the blue of the clear 
sky. 

Although spelt ccpsium, the true siielliiig sliould be censinmy^ as originally done by 
R. Bunsen, in conformity with the orthography of the Latin term. Thus, in his 
Noctes Attic((^ (2. 26), Aulus Gellius said : Nostris autem veienbus cwsia dicta est, 
quas a (rravis^ yAavKoWt?, ut Nigidus ail, de colore cceli quasi cocli/i. 

Again, R. Bunsen and (i. Kirch lioif found on extracting the alkalies from le})i- 
dolite (Saxony), and washing the precipitate obtained by treating the soln. of the 
alkalies with hydrochloroplatinic a<ud with boiling water a number of times, the 
residue finally gives “two splendid violet lines" between those due to strontium 
and to potassium, as well as a number of other lines in the red, yellow, and green 
portions of the spectrum. R. Bunsen and G. Kirchliotf say : 

Xone of these lines belon;' to any previously known body. Anu)njLi;st them arc two 
which are particularly rcmarkublo iii JyiufX b(?youd I’Taunhofcr’s lino in the outermost 
portion of the solar spectruni. Mi'iu'C wo propose for this new nu'taJ the name r\ibidiiim 
(and the symbol Kb), from th<^ Latin nibidiof, which was used to express the darkest red 
colour. 


Rekkhkncks. 

^ if. lv- 0 ]>f), (Jt^chichU) der Uhemiv, nnumsohweig, 4. 3, 23, 1847 ; J. KeckmauTi, lit iirdgc 
znr (ic^ichirfitd der Erficdincfcv, Leipzii', 1780; London, 184(5; E. v<ni Lippiuann, Abhandhirtgcn 
mid Vortrd(/e, ljeii>zig, 2. 318. 326, 1900. 

^ P. Al})liuuis, I/ialoriff ACyypli naturalise Luj^duni Butavoriim, 1735, 

^ E. <). von Lippmann, /jfit. atujew. ('//nw., 15, (*40, 19t)I ; Abltfindlum/cu and Vorird/je., 
Lcix>zig. 100(*. 

* J. Pohii, Disserfations ehymico 'physic.tVe Lipsiu', 1085; (1. E. Staid, Sju’rimm Herherianurtu 
Enuickfurth, 1702; H, 1.. Dnliamcl du Munecan, M6m. Acad., 215. 1730; 233, 239, 1707 ; 
A. vS. Marggraf, Chymisc.he SchrijUn, RtTlin, 1702. 

^ ® J, 0. VVioglcb, ('hemisrhe Versurkc. vber dif^ alkfdisch^Jh Ecilzp, Berlin, 1781 ; M. II. KlaY)roth, 

Beitrdge znr ckcmiHfki n Kenniniss der Miturtillrorinr, Posou, 2. 39, 1797. 

« K. von Lippmann, Ch,em, Zfy., 32. 977, 1908 ; 34. 1217, 1910 ; Ahkandlanyen and Vortrdge^ 
L(3ipzit?, 2. 318, 320, 1913. 

^ Liber inveMiyaiiouis nmyisterii Ufbri philosophi perspicarisHirfii, Manuscript at the Bihlio^ 
ihlepie royak dc Paris ; Albertus Magnus, (\oniH>sitnin de compositis in Thmlrum rjiemicum, 
.A^rgentorati, 4. 825, 1022. 

® .A. L. Lavoisier, Trails de, ehimie, Paris, 2. 191, 1801 ; (1. E, Stahl, Specimen Becherinnvm, 
Franckfurth, 255, 1702 ; If. Davy, Phil Trans., 98. I, 333, 1808 ; 99. 39, 1809 ; 100. 10, 1810. 

® J. C^dv<M’t, CJtem. News, 13, 250, 1800; (L F. Ihiilwel), ih., 14. 25, 1800. 

A. Arfvcdsou, Schweif/y/ r's Jaurn., 22. 93, 1818; 34. 214, 1822; Ann. (dum. Phys., (2) 
10. 82, 1819 ; L. N. Vauqueiin, ih., (2), 7, 284, 1818 ; U, O. (Imcliu, OUbt^rt's Ann., 62. 399, 1819; 
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64. 371, 1820; R. Biinaen and A. Matthiessen, Liebig's Ann,^ 94. 107, 1855; R. Bunsen and 
O. Kirchhoff, Phil Mag,, (4), 20. 97, 1860. 

R, Bunsen and G. Kirchhoff, Sitter, Akad. Berlin, 221, I860 ; 273, 1861 ; Pogg, Ann., 
113. 337, 1801 ; 119. 1, 1803 ; Liebig's Ann., 122. 347, 1862 ; 125. 367, 1803 ; Phil Mag., (4), 
22. 330, 1861. 

1 * H. Moissan, TraiU de chirnie minerah, Paris, 3. 2, 1904. 


§ 2. The Occurrence ol the Alkali Metals 


According to the estimate of F. W. Clarke (1916), ^ the rocks, etc., of the half- 
mile crust of the earth contains the following percentage amounts : 


Soda, NUgO 
Potash, KgO 
Lithia, Li^O 


Igneous rocks. 

Hbales. 

SaudHtonea. 

Limestones, 

Ai^erage. 

. 3-36 

1*30 

0*45 

0*05 

3*25 

. 2*90 

3-24 

1-31 

0*33 

2*98 

, O'Ol 

— 

— 

— 

0*01 


and from the average composition of the known terrestrial matter that there is 
jirescnt 2*86 per cent, of sodium and 2*28 per cent, of potassium. The data for 
cjcsium and rubidium are not complete enough to enable reliable estimates to be 
made of the relatively small quantities present in the earth^s crust. According to 
E. Pringsheim, there is no evidence of the existence of rubidium or caesium in the 
sun ; there are very faint lines of potassium ; while lithium and sodium are well 
represented in the spectral lines. S. Datta has established the presence of 
potassium in the sun. 

Potassium and sodium. —Potassium and sodium occur in the various soda and 
potash salts indicated in the list of minerals in the Stassfurt deposits. The alkalies 
also occur in sea water, in the water of the inland lakes, and in the waters of various 
springs — Tables XIV and XV. There are also tremendous deposits of rock salt — 
sodium chloride- in various parts of the world ; in Chili and Peru, there are the 
deposits of soda nitre, NaNClj, which also contain some potash salts ; in Greenland 
there are the deposits of cryolite, 3NaK.AlF3 ; and in the sites of many dried-up 
lakes there are deposits of sodium carbonate, sodium sulphate, or sodium calcium 
borates. In India, Egypt, Persia, Hungary, Italy, etc., the soils about old village 
sites contain relatively large quantities of potassium nitrate. These alkalies occur 
in various silicate and alumino-silicate minerals. The more important are the 
potash felspars, micas, leucitc, glauconites, and alunites. Potassium is usually 
accompanied by sodium. The analyses indicated in Table I illustrate the coin 
position of tliese minerals. 


Table I.- — ^^\nalvse.s of Silicate Minerals. 


Silica, SiOj 
Titanic oxide, TiO^ 
iVlurniiia, AIjO^ 

Vnrric oxide, 

Lime, CaO 
Magnesia, JStprO 
Potash, KgO 
Soda, NajO 
Loss on ignition 
Sulphur trioxido, 8 O 3 


potash 

felspar. 

Leucite. 

Muscovite. 

Glauconite. 

Alunite 

(pink). 

Alunite 

(white). 

64*98 

50-23 

54 00 

46*58 

1*92 

19*34 

nil 

2*27 

1*51 


^ - 


19*18 

11*22 

26*23 

11*45 

37*52 

37*37 

0*33 

5*34 

3*81 

22*00 

0*26 

0*27 

0*20 

f 5*90 

0*52 

2*49 

— . 

. — . 

0*25 

7*00 

0*83 

1*27 

— . 

..... 

12*79 

9*81 

4*41 

0*96 

9*51’ 

5*68 

2*32 

1*37 

4 00 

0*98 

i*12 

1*08 

0*48 

2*6.5 

4*31 

9*66 

13*19 

13*86 



* — 


36*76 

22*09 


Clays contain from about half to five per cent. In Sritish fireclays, the amount 
of potash, KgO, is commonly from three to four times the amount of soda, Na^O. 
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Nearly all silicates contain some sodium, aiid there are several sili(;ates w]iu;h 
(‘ontain relatively large quantities — e.g. soda felspar or all)ite ; the soda- lime felspars 
— ^,<7. labradorite ; sodalite ; nepheline ; analcime ; lapis lazuli; etc. 

SiO* AlaOj FeaOa WgO CiiO K,0 NaaO Wutor 

Albite . . . 67-70 20*99 0*21 0*14 0*22 0*64 J0*65 0*47 

Nephelino . . 37*22 28*32 0*51 0*07 4*40 0*18 19*43 4 07 

Sodalito . . 37*96 30*90 0*85 - - 0-46 0*74 22*93 1 10 

This nepheline also contained 6*12 per cent, of carbon dioxide, and the sodalitc 
5*34 per cent, of chlorine. Sodium is also found in limestones, dolomites, asbestos, 
talc, ironstones, and various other minerals — vide sodium carbonate. 

The alkaline lakes of Nevada and South California give sodium carbonate on 
evaporation. Natural soda,'* also called after the Egyptian term irona^ or the 
Mexican term wmo, has been extracted coTnmercially at Owen’s lake. Trona from 
that district has a composition corresponding with Na2COs.NaHCO3.2H2O. These 
alkalies also occur in soils whence they have been derived from the weathering and 
decomposition of rocks. Only a fractional part of the total alkali is in the soluble 
form, and accessible to plants as food. The soluble potasli salts are selertively 
absorbed and retained by soils the soluble sodium salts are scarcely al^sorbed at 
all.- In consequence, soluble sodium salts are much more readily leached from 
soils (and clays) than soluble potassium salts. The soluble portion of a soil normally 
contains more potassium than sodium salts, since the latter will have been leached 
away by percolating water. In illustration, the soluble matter of 12 soils picked 
at random contained from 4 to 6 times more potassium than sodium salts. The 
potash salts are an important constituent of jilant food ; all fruitful soils contain 
soluble potasli salts. Plants also preferentially absorb potash salts, and tliis is 
equally true of marine and land plants. In the absence of potash, tlie [)lant cannot 
assimilate the sodium, rubidium, or caesium salts.-* In fact, lithium, potassium, 
CtTsium, and rubidium salts seem to act on vegetable life as poisons in tlie a1>sence 
of sodium salts. The ashes of plants thus contain potassium combined with the 
constituents of the plant in some form, and this ccmpoiind is decomposed largely 
into potassium carbonate on ignition. Much of the sodium in plant ashes is in an 
insoluble form, and has in some cases thus escaped recognition. While the potasli 
salts in plants are confined to certain organs, the sodium salts appear to be uniformly 
diffused through the whole organism. Seaweeds, and plants grown near the sea, 
contain salts, and the ashes of such plants may or may not contain more soda than 
potash. H. L. ])uhamel du Monccau ^ sought to find if the difference in the pro- 
portion of the two alkalies in the ashes of plants is a characteristic of the plant itself, 
<»r due to the nature of the soil on which it grows : and with the aid of L. C. Cadet, 
he was able to prove that when the plant salsola grows uear the. sea, the ash contains 
much soda ; but if grown further inland, the asli gradually gains in jaitash, and 
loses in soda ; and B. tJoreii winder showed that the reverse obtains wheji inland 
plants are grown nearer the sea. The ash of many seaweeds, however, contains 
more potash than soda. Before tlie advent of the Stassfurt salts, the prej^aration 
of potash salts from the ashes of seaweeds was a flourishing industry in Scotland, 
which dated back to 1730. The soluble salts in the ash of the seaweed collected 
on the west coast of Scotland contained about 30 i)er cent, of potassium salts and 
12 per cent, of sodium salts ; that collected on the west coast of Ireland contained 
about 38 per cent, of potassium salts and 17 of sodium salts. 

B. Palissy, in his Traite des sels divers et du sel commun (Paris, 1580), showed 
that the ash of the bark of trees is richer than the inner wood in alkaline salts. 
In illustration, the bark of tiic oak has 0*42 per cent, jaitash, K2O, the wood 
0*15 per cent. Similarly, for the beech — ^bark 0*15, wood 0 00 per cent. ; for the 
maple — bark 0-67, wood — 0T2 ; spruce— bark 0*12, wood 0*04, These numbers also 
show how large a quantity of wood would be needed for the production of con- 
siderable (|uantities of potassium carbonate. If all the contained pota.sli c,ould be 
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recovered from tlio ash, a ton of anhydrous potassium carbonate would require 
from 4(X) to 5(.X) tons of wood. Some plants have larger amounts of potash than 
wood—z^.^r. thistles and vines about 0*5 per cent., ferns about 0*6 per cent. ; nettles 
have 2*7 per cent. ; wormwood, 7*3 per cent. 

The potash which many herbivorous animals draw from the plants on which 
they feed is excreted from the skin as sweat. With sheep, the potash is largely 
retained in the wool in a form called suiyd or wool fat. The suint furnishes the 
eq. of about 5 per cent, of potassium carbonate, calculated on the total weight of 
the wool. Most parts of animal bodies and animal fluids contain sodium chloride, ; 
and when ignited furnish an ash which contains 5 to 75 per cent, of sodium chloride. 
Lithium, sodium, potassium, rubidium, and caesium have all been reported in solar 
spectra. 5 Lithium, rubidium, and caesium arc widely diffused in nature, but in 
rather small quantities. They have all been reported as constituents of certain 
mineral springs.® G. Kirchhotf and R. Bunsen found 0*0391 grm. of lithium chloride, 
0*00021 grm. of rubidium chloride, and 0*00017 grm. of cjesium chloride in a litre of 
the mineral water of Durklieim. The waters of Aachen, Assmannshausen, Baden- 
Baden, Bad-Orb, Biling Rnis, Egger-Eranzenbad, Homberg, Karlsbad, Kissingen, 
Kreuznach, Marienbad, Salsomaggiorc, Salzschlirf, Sciacca, Selters, Tarasp, Wheel 
(flifford, and Wildbad have been reported to contain lithium ; those of Aussee, 
Bourbon ne-les-Bains, Hall, Haute Marne, Kissingen, Ems, Kochbrunnen, Nauheim, 
Selters, Theodorshall, Ungcrnach, Vichy, and Wildbad to contain rubidium ; and 
those of Aussce, Baden-Baden, Bourbonne-les-Bains, Ems, Frankenhausen, Hall, 
Krcuznacher, Monte Catino, Monte Dore, Hauheim, Vichy, and Wheal Clifford to 
contain cicsium. These elements have also been reported in the ashes of many 
])Iants - e./y. tobacco. Lithium has been reported in the ash of seaweed, cocoa, 
coffee, sugar cane, etc. ; rubidium in the ashes of beet-root, coffee, tea, oak, and 
beeeh ; in crude tartar, and in the mother liquid from the extraction of the Stassfuit 
salts. Litliium has also been reported in milk, human blood, and muscular tissue : 
and in meteorites, soils, and sea water. L. do Luise found lithium in some salts 
of V(\suvian fumaroles. 

Lithium occurs in small quantities in a great many minerals. L. Dieulafait 
has given a list of about 140 minerals containing this element. Spodumeiie, 
lepidolite, tripliylite, lithiophylitc, amblygonite, natroainblygonite, pctalite, and 
sickcrlitc are the most important vsources of this element. 

Petalite is an aluminosilicate approximating LiAl(Si205)2 ; it usually contains 
to 5 per cent, of lithia, Li20. The monoclinic crystals arc rare ; it usually occurs 
in foliated masses, wliito-tinged red or grey. Sp. gr., 2*5 ; hardness, 6. It is not 
attacked by aends. Spodumene or triphane is another aluminosilicate approxi- 
mating LiAl(Si03)2 ; aii<l containing from 4 to 8 per cent, of lithia. It occurs in 
monoclinic prisms, and also massive. Its colour may be white, grey, green, yellowish- 
green, or blue. Sp. gr., 3 0 ; hardness, 7. It is not attacked by acids. There are 
Wo gem- varieties - -hiddenite, which is yellowish-green or emerald-green ; and kunzite, 
Eucryptite is an aluminosilicate approximating LiAlSi04, which contains from 
2 to 10 per cent, of lithia. It occurs in hexagonal crystals, white and transparent. 
The sp. gr. is 2 (). The average values of some analyses are as follows : 



SiOa 

AlaOs 

iTeaOa 

CaO 

MgO 

KaO 

NaaO 

LIjO 


. 77t)2 

i6*6e 

0’20 

- - 

— 

0’2l 

1*45 

3-42 

:>podurru?rio 


2«*24 

] •3(> 

0-48 

I’Ol 

0-72 

0-77 

0 05 

KuurypUfce 


40 ’50 

0 02 



0-47 

-- 

10 -IK) 


There are several varieties of mica which contain this element ; lepidolite, one 
of the simplest, has the type-formula R3Al(Si03)3, and it contains from 4 to 0 per 
cent, of lithia. It occurs in scaly masses, the crystals £tre monoclinic; red, violet, 
grey, yellow, or white in colour ; sp. gr., 2*8 ; hardness, 2*5. After calcination, 
it is decomposed by hydrochloric acid with the separation of gelatinous silica. A 
variety found in pegmatite veins (Wisconsin) is called irvingite ; another rather 
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more complex mica with about 2 0 per cent, of lithia is 
complex ika mica called rinnwaldite occurs in the tm deposits of 
Erzgebirge Its analysis approxiinatoa to J6( s '> 

S3^4p'rc»„t.of li«a.a.,A it ctvatalte, in SSi 2 “ 

colour may be violet, vellow, brown, or gre\ , its sp. S*** ^ » , - . 

An emerald-green variety with 4 to 5 per cent, of Iitlua, ca e ’ 

from Massachusetts; and a dark grey ferruginous variety 

of lithia and sp. gr. 3-14 to 319, called ruhcri^hntmr, comes from baxony. Ihe 
average values of some analyses are as folhivvs ; 


Lepidolite 

ZinnwaldiUj 


StOs 

.wei ir 

49 02 19-36 


AljOj 

2r>i:1 


Ff208 
O 42 
8-75 


KjO 

J2-27 

il-S5 


NagO 

108 

0*44 


LiiO 

4‘HS 

413 


HgO F 

I '68 


A number of complex phospliatic minerals contain up to 10 per ^‘ont. of fithia. 
TriphyUte forms rhombic crystals of a greenish or bluish-grey C()l()ur-- if the colour 
is yelhmisli-brown or salmon, the mineral is called lithiophylitc* Its composition 
approximates 4{Fe2Mn)r04, with 8 to 9 per cent, of lithia ; sp. gr., d'O ; hardness, 
4'5 ; and it is soluble in hydrochloric acid. The mineral alters by weathering, etc., 
forming what are called hctCTosite^ yseudotriplite, aluand\U\ and nairo phijhie^ whicli 
also contain Jiioie or less lithia. Amblygonite is a iluoroi)ho8phate, apj>roximating 
Li(AlF)P04, with 8 to 9 per cent, of lithia. It occurs in triclinie crystals coloured 
white, yellow, grey, brown, or green. Its sp. gr. is 3*0 ; hardness, (>. The powdered 
mineral dissolves in dil. sulphuric acid. Natroambli/gonitej corresponding wdth 
NaAl(0H)P04, usually has 3 to 4 per cent, of lithia. A more complex mineral called 
sicklcritc contains 3 to 1 per cent, of litliia. The average values of some analyses ; 


'rriphylit o 
LithiopViylitii . 
Ainl)lygonito . 


AlgOa 

F 62 O 3 

CaO 

MgO 

Na 20 

LtsO 

HjO 

F 20 j» 

. - 

40*23 

0*10 

0*83 

0 * 2 (> 

S' 1.7 

0*S7 

43*18 

. . . 

14*44 



0*20 

0 20 

0*17 

1.7*22 

33 70 

- - 

- 

- 

1 *SS 

1 *83 

■l-IS 

47*04 


The lithiof>hylitc had also about 32 per cent, and the iri}>Iiybte about 9 per cent, 
of manganese oxide, MnO. All ilie minerals have about one per c«?nt. of insoluble 
earthy gangue. 

A mimu-al culled rrgopJnflil(\ fnmi Alassachusetts. is an iinj>ure lithia cryolite, 
3(Li,Na)F.yMF3, or 3LiF.3NaF,2AlP3, It contains o to ti jxm' cent, of lithia. A 
red or pink gem variety of tournuiliia* calhMl ruhdlile contains lithia. Small quan- 
tities of lithia have also lieen reported in beryl, leiicite, lepidomelane, anorthite, 
enstatite, biotite, muscovite, ])henacite, psilomelane, heulamiite, e])idote, scapolite, 
pJilogopite, pinite, cryojite, ortlioclase, richtcrite, basalt, etc. J^ubidiuui and ca-isium 
occur in many of the lithia minerals — c,(j. lepidolitc may contain up to 3 per cent, 
of rubidia and 0*7 ])er cent, of ctesia ; beryl has been rcjxirtf'd w ith uj> tf) 3 per cent, 
caosia. Traces of these elements have been reported in carnallitc, leucite, mica, 
orthoclase, lit hio])]iylite, triphylite, spoduiuene, leucite, etc. 'Die verv ran*, minerai 
rhodizite, found in minute crystals- cubic systein--on tounnalimrin the Urals, 
is regarded as an alununoborate of Ctcsiuin, ruliidiuin, and potassium approximating 
R2O.2Al20)3.3B2tJ3, where the alkali ]>ases, K2U, aggregate aliout 12 per cent. 
Its crystals ro.scm]>le. tliose of boracite. Its sp. gr. is 3*4 ; hardness. 8. The mineral 
poliux» or pollucite, is regarded as a hydrated caesium sodium ulumiuium silicate. 


Elba 

Hebron 


SiOg 

440:{ 

43-48 


AI2O3 

\ry\M 

16-41 


T’C2()3 

mas 


CaO 

0*68 

0*21 


NajjO 

• 4 -88 

1*72 


CBaO 

34*07 

30-77 


llaO 

2*40 

1-53 


It has 30-30 per cent, of ciesia, it forms colourless cubic crystals ; sp. gr., 2*9 ; 
hardness, 0*5. Small (|uantitics of ]>ollucite occur in the granites of Elba ; and at 
Hebron (Maine). The sample of pollucite from Hebron (Maine) also contained 
0*'J7 2>er cent, of K2O ; and 0*03 per cent, of Ll^O. 
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In connection with csesium, it is interesting to note that C. P, Plattner, in 1845, 
was not able to make his analysis of the mineral poUux (from Elba) add up to ICH) 
per cent., and ho sought in vain for the missing element. In spite of adverse 
criticism, C. F. Plattner 8 insisted upon the general accuracy of his work, although 
it inust have demanded some 8elf-c.ontrol to publish the results. A man imbued 
with less faith in his work would have suppressed the results as absurd. Not so 
Plattner, He waited. After E. Bunsen and G. Kirchhoff had discovered caesium, 
F. Pisani (1864) showed that C. F. Plattner had mistaken c®sium (at. wt. 132*8) 
for potassium (at. wt. 3011). By making the corresponding correction, Plattner’s 
analysis was found to be quite satisfactory. 

<|uite clear, suppoae that .5 grm8. of a compound, supposed to be potassium 
chloride, are obtained. I'his will bo multiplic‘d by 0*631 to get the eq. amount, 3*16 grms. 
of K*0 ; but if the compoimd be CsCl, not K(,3, then the weight must be multiplied by 
0*835 to get tho corresponding amount, 4*18 grins, of Cs^^O. Tho analysis woxild tlms aj>pear 
to be 4*J8 less 3*16, that is J *02 grniH. too low if the 5 gnns. of ca\siurn chloride were 
mistaken for potassium chloride. This is a remarkable tribute to the a(.'.curacy of Plattner’s 
analysis. 
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§ 3. The Potash Salt Beds 

In the tJiii'leenth century, and earlier, the salt or brine springs — called sool — 
near Stassfurt furnialied the surrounding country with a certain amount of salt — 
soditim chloride. The first sool wells wore built there in 1452, and in his De 
ortu et oausis Hubt err aneorum (Basil, 1546), G, Agricola express<*d the ojdnion 
that these springs must have their origin in underground layers of salt ; but the 
remark passed unheeded until the supplies from the salt springs had become ijiade- 
quate for the needs of Prussia. In 1838, C. J. B. Karsten ^ reported that sool 
springs no doubt obtained their salt from rich subterranean saline beds which 
would probably be reached by making deep borings in the vicinity of the brine 
wells. Accordingly, a boring was started in 1839 in the hope of finding deposits 
<.)f rock salt of a good quality. When the saline bed was reached in 1813, at a 
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depth of about 768 feet, the salt was found to be a mixture of magnesium and 
potassium compounds ; and from later borings, the existence of compact layein 
of rock salt was demonstrated ; but " unfortunately,” said B. von Cotta, " iho 
Stassfurt rock salt appears to be mixed with much magnesium and potassium sall>! 
and boracite ” ; and the question was discussed whether it was really worth wliilc 
to risk the great expense in working a shaft in order to mine this ” by no mean.^ 
pure salt.” 

Borings show that the deposits underlie the country around Stassfurt, near the 
Harz mountains, in Prussian Saxony, over an area of about 1()0 sq. miles, and 
extend from Mecklenberg in the north, to Thuringia in thi; south, and Hannover 
in the west.3 A commencement in shaft sinking was made, in ISfil, and rock salt 
was^^mined. The overburden of potassium ami magnesium salts had to be cleared 

in order to reach the rock 
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1919, 946, (XX) short tons were produced, 264,000 were sold abroad, and the 
remainder satisfied about 41 per cent, of home requirements. 


Year. 

DomeBtio gales, 
tons. 

Foreign gales, 
tons. 

Total sales, 
tons. 

Percent, used In 
agriculture. 

1 Percent, used in 

1 industry. 

1910 

460,618 

346,473 

807,091 

88-3 

11 '7 

1911 

527,822 

441,941 

969,763 

90-5 

9 '5 

1912 

581,422 

524,514 

1,105,936 

89-5 

10*5 

1913 

664,711 

556,695 

1,221.406 

90-4 

9-6 

1914 

591,590 

402,797 

994,387 

91-2 

8*8 

1915 

623,807 

123,947 

747.754 

920 

8 0 

1916 

797,548 

174,825 

972,373 

941 

5-9 

1917 

958,625 

1 

146,084 

1,104,709 

95-7 

4-3 

1 


The consumption of potash, K^O, in agriculture during 1913 in (tennany wew f>89,713 
tons ; Belgium, 14,1)01 ; Holland, 47,826 ; Franco, 36,426 ; United Kingdom, 25,572 ; 
Luxcjrnburg, 442; Austria, 23,072 ; Hungary, 4508; Switzerland, 3639; Italy, 6990; 
Kussia, 24,920 ; Spain, 9122; Portugal, 1365 ; Sweden, 2 1,465 ; Norway, 39.53 ; Denmark, 
8222; Finland, 1766; Balkan States, 218; Asia, 6281 ; Africa, 4807 ; United States, 
254,859; Canada, 1513; the remainder of North and South America, 10,140; and 
Australia, 2739. 

Other potash deposits.—fn 1904, J. Vogt and J. B. Grisez discovered potash 
deposits in Upper Khine while some borings were being made at Wittelsheim in 
Alsace in quest of coal.5 The deposit is composed of two layers separated by a 
band of rock salt about 60 ft. thick, and it is reported that the bed occurs in the 
plain bounded by the Jura on the south, by the Vosges on the west, and on the 
east by the Jthine, and to extend as far as the suburbs of Mulhausen. The secondary 
beds of the same formation stretch across the Bhine into Baden. The lower more 
important bed occurs at a depth between 650 and 1000 metres, it is on the average 
4 metres tliick, and occupies an area of 2(K) sq. kilometres ; the upper less important 
bed lies 15 to 25 metres above the other bed. Both beds are nearly horizontal and, 
for tlie most part, contain sylvinite, and above them is a bed of rock salt 250 metres 
thick. The upper bed averages 30 per cent. KCl, the lower one 35 per cent. KCI. 
The whole deposit contains about 15,000,000,000 tons of material with an average 
of 22 per cent. K 2 O, or the whole deposit contains over 300 million tons of K 2 O. 
There is also a deposit of less importance in Austrian Galicia.® The beds have 
been worked some years, but are not sufficient to provide for Austria-Hungary, 
since that country imported 21,000 tons from Germany in 1913. Important 
deposits were found, in 1912, at Suria, in the salt district of Cardona (Catalonia) 
in Spain, and they have been described in a pamphlet Sales Potasicas en Cataluna 
(Madrid, 1914). 7 Some samples of caliche in the Chilean nitre beds contain appreci* 
able quantities of potassium nitrate.® A small quantity of potash has been obtained 
from mines in Klieura (Punjab) in India.^ There is a deposit in a recent lacustrine 
formation at Eritrea (Somaliland). The reserve is small, but the deposit is rich 
80 per cent, potassium chloride. In Chile, in the Lakes Pintados and Bella Vista, 
in the j>rovinces of Atacama and Tarapaca, there are deposits with from 3 to 36 per 
cent, of chloride ; the reserves are estimated at two million tons. There are also 
undeveloped deposits in Peru, Kussia, Morocco, Overyssel (Holland). In Brazil 
there is said to be a deposit with 89 per cent, potassium nitrate.^® 

The brines of the Lonar Lake, Buldana district, India, are said to contain 
01 per cent, of potash calculated on the soluble salts. In Tunis, south of Gabes, 
there is a salt-lake worked since 1915, primarily for bromine ; a crude potassium 
chloride — 40 per cent. K 2 O — called sebkainitey is obtained by solar evaporation and 
crystallization. In 1917, 20,000 tons were produced. The brines of several alkali 
lakes and ponds in Western Nebraska contain appreciable quantities of potash — 
the brine is reported to contain the eq. of about 3 per cent, of potash (K 2 O). and 
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the solid residue eq. of 15 per cent. K 2 CO 3 , and 33 per cent, of K 2 SO 4 . It is also 
suspected that potash deposits in dried-up lake beds will be located in the vicinity 
of Magum (Oklahoma ). ^ 2 j. w. Turrentine has compiled analyses of 168 samples 
of the brines of the United States, and the percentage K 2 O in the solid residues 
ranged from 0*89 to 12*19 per cent. The deposits about Stassfurt, however, are so 
large compared with all other sources of stipply that up to the arrest of supplies 
in 1914, the Germans have had practically a monopoly of the potash trade of the 
world. 

The compositioii of the Stassfurt salt beds. — Tlie deposits about Stassfurt 
may very roughly be grouped in a series of strata indicated in Fig. 1.^® Starting 
from a basal layer of anhydrite and gypsum there are .•" 

(1) IRock salt he<L^ An immense basal bed of alU res Stcinsal.z — edder rock salt — broken 

up at fairly regular intervals with two- to five-inch bands of anhydrite, CaS 04 . 

(2) Polyhulite bed . — Above the basal salt is a layer oi rock salt, sometimes 200 feet 
thick, mixed with 0 or 7 per cent, of polyhulite, 2 CaS 04 .]MgSO 4 .K .SO 4 . 2 H 2 O, uidiydritc, 
and magnesium chloride. An average' analysis shows ; 91 *2 ])cr cent, of sodium chlondo ; 
0*6 per cent, of polyhaJite ; 1 *5 per cent, of hischojite, MgClo.OH.^O ; and 0*7 per cent, of 
anhydrite. 

(3) Kiescrite bed .' — Resting on the ]iolyhalito hod is a layer tjf roek salt, sometimes 
100 feet thick, mixed with layers of Icicsiritc, ^IgSO^.Jl^Ch and otiior sulphates, approxi- 
mating on the average 05 p<ii* cent, of roc*k salt ; 17 per ec'iit. of kieserito ; 13 per cent, of 
camallite, KCl.]\rgCl 2 .t)H.jO ; 3 per cent, of bisehofite ; and 2 per cent, of anhydrite. 

(4) Carnallite bed .' — Finally comes a reddish layer of rof'k salt associated with various 
salts of inagnesimn and }>otassium a])proxin)ating on the average .ID per cent, of earnallite ; 
25 per cent, of roek salt ; 16 per cent, of kieserito ; and 4 ]>er e('nt. of otlu'r salts- chiefly 
bisehofiio, taehhydrite, 2 MgCl 2 .CaCl.,.GH 2 fl ; aslmvaniu , ]MgS() 4 .Na., 804 . 4 H ,() ; sekomie, 
MgS 04 ,K 2 S 04 . 6 H 20 ; and horacHc, MgCl.,. 2 Mg 3 Bft<)^ 5 . 

The more soluble salts usually pre^dominato in tlio upper layers, while anhydrite 
and the less soluble salts accumulate in the lower layers. These four beds 
capped by a layer of grey salt clay — -followed ))y layers of gypsum, 
CaS 04 . 21 l 20 , and anhydrite, CaS(i 4 ; younger nx k salt ; 

buntcr clay shales ; and finally surface drift or soil. Over thirty saline minerals 
have been reported in the Stassfurt deposits- some occur sparingly, others 
abundantly ; those marked with an asterisk are the, most importajit : 

Halite (or rock salt) ♦ 

' Sylvino for sylvite) * 

Douglasito .... 

Bischolite .... 

Tachhydrite .... 

Carnal lit e ♦ . . . . 

Thcnardite .... 

Glauberito .... 

Kieeerite * . . . . 

Leonito (or potassium astracanite) 

Astracanilcj (or bJoedite) 

SchOriite (or picroinerite) 

Epsomite (or richardito) 

Kainito * .... 

Polyhalite * . . . . 

Langbeinite .... 

Krugite ..... 

Vanthoffito .... 

Liiwite ..... 

Anhydrite (or karstenito) 

Gypsum .... 

Glascritc (or apbtliitalite) 

Boracito (or stos-sfurtitc) * . 

Sulphoborite .... 

Pinnoite ..... 

Ascharite .... 

Hointzito ..... 

Hydroboracite .... 


. KCl 

. 2K(’I.FoC1.,.2H2G (?) 

2.MgCJ..(W1...l2H20 
. ]VIgCl2.KCl.6]l20 
. Na.2S()4 
. Na,SO4.l0H,.() 

. MgS(),.H,()' 

. MgS()4.K..SO,, 41120 
. Mg804.iVa.S04.4rioG 
. MgS04.K2S04.(iJl.,6 
. MgS04.7Jl20 
. .Mg8()4.KCI.3il20 
. Mg8( >4. K 2SO4. 2f;a8< >4. 2H oO 
. 2Mg804.K ,8()4 
. MkSO^.K „S(J,.4( 'aSO.. 2H ,0 
. MgS<V3N-u,S()j 
. MKS04.Na,,S0j.2AHa0 
. ('aS()< 

. (’aSO,.2HaO 
. 3K„S04.Na»S04 
. 2 Mh,U.O, 5 .MkC 4 
. MK,H/)„(SO4)i,.7Ii30 ; or 
2M»?SO«.4M^;HKOa. 7H.O 
. MgB^0..3HjO 
. MgHBO,; or 3MgjBj05.2H,0 
. Mk,KjHsjO„.UH ,0 
. MffCnK.O.. /v\ 
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I'hc different minerals can rarely be distinguished by mere inspection. ^ Tlie 
nature of the products of the mines is largely established by chemical analysis. 
The average composition of the crude natural kainite, carnallite, rock kieserite, 
and sylvinite is indicated in Table II. 

Table II. — Analyses op the Chief Raw Products op the Stasspurt Mines. 


Cionstitiient. 

Kainite. 

‘ Carnalllte. 

Kieserite. 

Sylvinite. 

Potash. 

Manure 

1 salts. 

Potassium sulphate, K 2 SO 4 

21-3 

- 


1*5 

2*0 

1-2 

Potassium chloride, KCl . 
Magnesium sulphate, MgS 04 

2 0 

15-5 

1118 

' 26*3 

31*6 

. 47*6 

14-5 

1 12J 

21*5 

2*4 

10*6 

1 0-4 

Magnesium chloride, MgCls 

12*4 

i 21*5 

17-2 

2*6 

5*3 

4-8 

Sodium chloride, NaCl 

34 •« 

22*4 

26-7 

56-7 

40*2 

26-2 

Calcium sulphate, CaS 04 . 

1*7 

» 1-9 

0-8 

2-8 

21 

2 2 

Insoluble in water . 

0*8 

1 0-5 

1*3 

3*2 

4*0 

: 3*5 

Water. H 2 O . . ' . 

12-7 

261 

20*7 

4 -.5 

4*2 

' 51 

Average K 2 O . 

12*8 

9-18 

7 5 

17-4 

21*0 

30*6 

Guaranteed minimum 
KaO 

12*4 

0 0 


12-4 

20 0 

30*0 


The strata in different localities do not always follow the same regular order since 
local conditions and geological disturbances have produced some alterations — e.g, 
surface water may have entered and washed away the pota.sh salts or modified 
the strata in other ways. Carbonates are very scarce. There is some bituminous 
limestone — stinkstone — below the basal anhydrite, 'Phe saliferous clay, the rock 
salt, and the carnallito contain traces of sulphur which has been formed by the 
reduction of gypsum by organic matters ; some pyrites is also present. F, Bischof 
found traces of bromine, caesium, and rubidium in the Stassfurt rock salt, but he 
could detect neither iodine nor lithium ; J. N. von Fuchs reported traces of iodine 
ill the rock salt of Hall (Tyrol). A. Vogel found ammonium chloride to occur 
in the rock salt of Fricdrichshall (Wiirtemberg), and other localities; celestine, 
SrS04, and nitrates have been reported in the deposits. The term sylvinite has been 
applied to a mixture of potassium and sodium chlorides ; and Hartmlz—hdLTd salt 
— to a dark reddish-brown mixture of sylvinite and kieserite with some anhydrite. 
The two terms sylvinite and hard salt are employed rather indefinitely ; hard salt 
has nearly the same ultimate composition as kainite, and sylvinite is not unlike 
hard salt, but it contains rather more potash. The chlorides — koemnite^ 
Al203.3Mg0.2MgCl2.6(or 8)H20, and hmimlerite, KCl.CaCl^ — and the sulphate — 
syngenitCy CaK2(S04)2.H20 — have been reported in some other potash deposits, 
but not in those of Stassfurt. 

The Stassfurt deposits have been the subject of elaborate investigations by 
J. H. van't Hoff and his school In 1849, J. Usiglio studied the deposition of 
salts when sea water is cone, by evaporation, and examined the residues analyti- 
cally. He found that calcium carbonate was first eliminated, then calcium sulphate, 
then sodium chloride, and the more soluble salts accumulated in the mother liquid. 
This method of investigation does not allow sufficient time for the various salts 
to attain a state of equilibrium, and it therefore follows that the natural evaporation 
of brines probably furnishes somewhat different results. Moreover, it is diflicult, 
if not impossible, to identify the several substances which separate from the. 
mother liquid formed during the later stages of the evaporation. J. H. vau't Hoff 
followed the synthetic method in his study of this subject. He started from 
simple soln. like those of sodium and potassium chlorides, under definite conditions 
of temp,, and gradually added the pertinent constituents until the subject became 
so complicated that the crystallization of the constituents from concentrating sea 
water was reduced to a special case of a far more comprehensive work. 

The crystallization ot salts from mixed solutions.— The simple cases of the 
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crystallization of soln. sat. with but one salt, aiid of soln. of two salts which do not 
react witli one another, nor form hydrates, have been discussed. The phenomenon 
is more complex when the salts present in the soln. form a series of hydrates, or 

when the salts can react with one another to form 



double salts. 

A soln. of potassium and magnesium chlorides 
not only furnishes crystals of magnesium chloride, 
MgClo.GH20, and of ])otassium chloride, KOI, but 
also crystals of the double salt carnallit<% MgCl^. 
KCl.GHoO. Referring to Fig. 2, the line AB repre- 
sents the effect of additions of potassium chloride 
on the amount of magnesium chloride required to 
form a sat. soln. at 25'\ The solubilities are here 
exf)ressed in terms of the numl)er of mols. of MgCl 2 
and of (KC1)2 per 1000 c.c. The symbol (KC1)2 is 
not intended to imply that the molecule of this salt 
is K.^Clo, but is simx)ly used to keep the molecules 
of magnesium and potassium chlorides eq. as units 
for the ordinates and absciss® in the diagram. The 
line B(J represents tlie amount of carnallite in a sat. 
soln. as the amount of ]>otassium chloride is in- 
creased ; and the line Cl) represejits the amount 
of potassium chloride in a sat. soln. as the amount 
of magnesium chloride is increaseil. All soln. 
represented l)y points on the liin* A BCD are sat. 
with one of these salts. If, therefore, wo ctmld 


Kja. 2. — Solubilit ies of iSragia'siuin 
and Potassiuui Chlorides in 
Mixed Solutiona. 


Cram Moki-uies of KM ^ cutitaiiiinji, nay, 20 mols. of mag- 

KiG.2.-Solubilitiesof.Magn.,-siam nc-shnn chloride, and 40 nmls. of K^% per litre at 
and Potassiuui Chlorides in constant temp. 2o , the composition of the soln. 
Mixed Solutiona. Would be represented )>y the point P on the dia- 

. gram. Crystals of potassium chloride would be 

deposited until the composition of the soln, could be represented by a point Q on 
the line Cl), that is, potassium chloride would be deposited until the soln. contained 
20 mols. of magnesium chloride, and 31 of K 2 CI 2 per litre. Jf the soln. were cone, by 
evaporation at 25^, potassium chloride would continue separating until the cone, of 

the soln. could be rc]>resentcd l)y a point O ; that 
24^/1 L about 3*5 mols. of 

K 2 CI 2 , and 72-5 mols. of MgCl 2 per litre. If the 


/ ^ crystals of carnallite and of potassium chloride 

^<2 would separate until the cone, of the soln. could be 

represented by a point B, corresponding witl) one 
^ mols. of MgCl 2 . Any further 

r mother liquid would lead to the separa- 

mgiaesium chloride and carnallite in con- 

1 "Ike equilibrium curve of mixtures of sodium 

J-’XG. •}.- -Kq..ilil«iu.n (•.m.hiion. sulphattis ill aq Boln for temp. 1.1' 

of Solutions of J^otas.siuin mn\ > represented by lUg. 3. Below 

Magnesium 8 u 1 p h a 1 1 ' s.- - 22 \ Ihc case is analogous with mixtures of sodium 
j. If. van t Hoff. and ])otrissinmc}ilo rides, Fig. 1 ( 1 . H, 1), for sodium 

or iiiagncsiinn sulf)hate alone crj^stallizes from tin' 
soln. as illustrated by the set of curves ; at 22' A 2 , th(i double salt astracanite 
appears, and at higher temp., the zone of stiibility of astracanite widens as showi'. 
by the portions of the curves and A 4 , between the dotted lines of tlie diagram. 
astracanite separates from a sat. soln. of the two sulphates if the temp, is below 22 . 


mother liquor w®re to be still further cone, at 25 




1 SodiiStn \ 

0 IP 24 ^ 

IC — Kquilibriuni C'ondil.iouri 
of Solutions of J’otas.siuin and 
Magnesium 8 n 1 [> h a t v s.- - 
J, ll. vaiCt Hoff. 
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TemperdCurt 




showing that if this dou})le salt occurs in a deposit, its existence is evidence that the 
temp, of its formation must have exceeded 22^, Tliis temp., 22*^, marking the limit 
of stability of astracanite, may be altered by the presence of other salts in the 
soln. Certain salts whicli separate from a crystallizing soln, when the evaporation 
is conducted at one temp., may not apjiear if the evajioration be conducted at a 
higher temp., thus, ejisomite, MgS()4.71l20, does not occur over iT", schonite over 
47*5'^, carnallitc over 167*5'^, and tachhydrite over 83*^. Analogous observations have 
been observed in natural evaporations ; thus, R. Brauns reports that in summer, 
on the shores of the Cas])ian Sea, gypsum, magnesium sulphate, and rock salt separate 
from the brine, whereas in winter, (riauber's salt, Na2SO4.l0lT2O, or thenardite, 
Na2S04, is formed ; and in sjiring and autumn, rock salt and astracanite, 
Na2SO4.MgSO4.4H2O, appear. According to J. JI. van’t Hoff, glauberite is 
formed below 10^ ; langbeinite, above 27 ; lowite, above 43"' ; vanthoffite, above 
46"^ ; lowite with giaserite, over 57'' ; lowite with vanthoffite, over 60^ ; kieserite 
with sylvite, above 72"^ ; and kainite with sylvite, up to 83' . A scale of temp, of 
this kind is regarded as a kind of (jeolofjisehe Thermrrrieter. 

Equilibrium conditions in solutions of potassium and magnesium chlorides. — 
The equilibrium diagram of soln. of 
magnesium and potassium chlorides 
has been studied by J. H. van*t 
Hof! and W. Meyerhoffer.^® The 
variation of the range of stability of 
the different jiliases up to about 185'^ 
are illustrated in Fig. 4. The surface 
areas represent soln. sat. with tlie 
phases named ; the lines represent 
soln, sat. with the salts indicated in 
the adjoining areas ; jioinis below the 
surface of tlic solid figure rc])resent 
uusaturated soln. ; and points outside 
the solid figure represent super- 
saturated soln. The coinj)osition 
corresponding with a point on the. 
surface of the figure is obtained by 
measuring the vertical distance of 
the point from the MgCU and the 
ph'^nes ; and the corresponding 
temp, by its vertical distance to the 
riglit or left of a plane j)assing 
throiigh and por])cndicuIar to the 
K2Cfi2“ 1'^^' Mg(32"pbines. For 
soln. containing 1()G'7 mols. uf K(1, 
carnallitc 107*5“. The curve AP 
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4. -Ktpiilihriiiiri Conditions of Solutions 
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example, the point P corresponds with a 
per l(XK) mols. of water — melting temp, of 
I'he curve AP represents tlie solubility curve of carnallite 
in the presence of an excess of potassium chloride. The point numbered 116*67 
represents the transition of ]VIg(l2 bH20 into MgCl2,4Jl20 ; and that marked 115*7“, 
tlie transition temp, in the presence of carnallite. In an analogous 'way, the ])oint 
marked — 33*6“ represents the cryoliydric between MgCfi.j.FillyO and ice. 

and —31*3“ the cryoliydric teni]). oi’ MgC-l2d21l20 and ice in the presence of 
potassium chloride. Otherwise the diagram explains itself. 

Equilibrium conditions in solutions of potassium and magnesium sulphates. 

— v^The equilibrium conditions with soln. of magnesium and potassium sul])hates, at 
different temp., are illustrated by the diagram, ]<^ig. 5. Tlie point A represents the 
f.p. of welter, o’; /i, the crvohydric temp., ~-2*‘c>'' for magnesium sulphate; O. the 
cryohydric temp., —1*5“, for potassium sulphate ; [7>, the (uyohydric temp., — 4*5“, 
for the mixed potassium sulphate and schonite; E, the cryoliydric temp., —5“, 
for the mixture of schonite and MgS04M2H20 ; F, the transition point, 0*7“, for the 
VOL. -II. 2 F 




Fig. 5.''--E(piilibriuiii (k)nclitions of Soluiions of 
!>ragnosiuin and Sodium diloridos — J. IT. vnn‘t 
•'"Hoff and^W. IMeyerhoiTer, 
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conversion of AfgS04.12H,0 into MgSO^.Tff/) in «« 

the eutectic temp., —I S®, for the mixture JUgSO4.i2.H2O and ]Hgb04. /H2O. Surface 
areas ro[»resent soln. sat. with the jdiases indicated thereon , lines repiesen s<j n. 
sat. with the substances indit'atod (Ui the adjuiiiing areas. Ihe triple ami cjuadruple 

])oints luive the usual signilieatioiis. 
Points within the surface areas of 
the diagram ref)rcseiit sat. soln. ; 
})oints below the surface areas 
represent unsaturated soln. ; and 
points outside, supersaturated soln. 

Equilibrium conditions in 
solution ot potassium and mag- 
nesium chlorides and sulphates. 

Similar ]»riiiciples obtain with 
still more coui])licated examples, 
say, a mixture of {)ota8siiim chlo- 
ride and magnesium sulphate, 
wIkmo there is a reaction : 2K(‘l 
I .MgS04- MgCli>+KoS04. Such 
a soln. ma}^ lead to the separation 
of ciystals of potassium chloride 
and potassium sulphate ; mag- 
nesium ( hloiide. ; two hydrates 
of magnesium sulphate, mz. 
]\Ig8t)i.7H20, and MgS04.bH20 ; 
carnallite, Mgdw l'^l'l blToO ; and schonite, MgS()4. K.28()4.t)H2th The eejuilibrium 
conditions are ilhrstrated liy tlie diagram, Fig. G. 1'hc co-ordinate axes are 
AOC aiifl BoD ; tlu? ((iiadrant AOB is used for the binary mixtures (K(.1)., and 
Mgdo. and tlni contained ciirv(‘. is imlicatcd with more detail in Fig. G. The 

quadrant . lOD includes binary mixtures 
of KXlo and K^St.).! ; DO( \ liinary mix- 
tures of K0SU4 and i\fgS(.>4 ; and tlie 
fourth quadrant, COB. binary mixtures 
of MgCl2 ^bd ilgKS04. The temp, axis 
is directi'd from tlic j)lane of the paper 
towards the reader ; the surface areas 
represent soln. sat. with respect to the 
salts indicated in the diagram ; the lines 
represent soln. sat. with the two salts 
indiented in adjoining areas ; points 
below the faces of the solid figure 
repre.sent unsatiirated soln. ; the points 
outside the solid figure represent un- 
stable supersaturated soln. 

The origin oi the Stassfurt deposits. 

It is gfuierally thought that the Stass- 
furt beds are of marine origirq-i and have 
been formed l)y tlic natural evaporation 
of watcir during countless years in an 
immense inland prehLstoric sea. This 
sea must have been ])eriodically re- 
plenished by water bringing in more 
salts, since tlic Stassfurt. dejKhsits eontain a larger projK>rtion of calcium salts than 
obtains nominlly in sea water, and it is thendore thought that the inland sea must 
Jiave b(‘(m fefl by Iresli-wnt er aflluents. As J. Usiglio has shown, gypsum would be 
first de[)osif.ed. und this would ])e eonverted into unhydrite l)y the ai'tion of sea water 



Fig. 0. — Eiinilibrium Conclhions of JVlixtunvs 
of .Magfir-Hiiiiti and I’ottiH.siiim Sulphatos 
arul Chlorides - -J. .11. van’t llofl. 
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at about 25®, for, although gypsum is formed by the evaporation of a soln. of calcium 
sulphate, crystals of anhydrite are produced when a soln. of calcium sulphate in couc. 
brine is evaporated at about 30^. J. Walther supposes that the sea extended from 
the Ural Mountains to the Scandinavian mountains, and Ireland ; and that a torrid 
climate prevailed which favoured rapid evaporation. The inland sea gradually 
eva[)orated, and shrunk, and the last remains completely dried up in Germany. 
Kivers and streams probably carried the salt from marginal regions towards the 
central basin in Germany. The order in which the salts are deposited from the 
evaporation of sea water is very nearly the same as the geological succession observed 
at Stassfurt. 

The work of J. H. van’t Holl shows that the slow evaporation of sea water 
furnishes successively : (1) a deposit of sodium chloride ; (2) sodium chloride mixed 
with magnesium sulphate ; (3) sodium chloride and leonite ; (4) sodium chloride, 
leonite, and potassium chloride ; (5) sodium chloride, kieserite, and carnallite ; 
(6) sodium chloride, kieserite, carnallite, and magnesium chloride ; and (7) the 
soln. dries without further cliange. Consequently, in the formation of the Stassfurt 
deposits, the brine, enriched with calcium salts, deposited (i) much calcium sul|)hate 
and rock salt ; the silpernatant liquid rich in magnesium salts, and still containing 
some calcium sulphate, formed (ii) the j)olyhalite beds. As the cone, of the magne- 
sium salts increased, (iii) kieserite began to separate out. H. Precht and B. Wittzen 
have shown that the dehydrating action of magnesium chloride prevents the forma- 
tion of epsomite when a mixture of the sulphate and chloride of magnesium is 
evaporated on a water bath. After kieserite had been formed, (iv) c>arnallite was 
produced. 

All the salts found in the Stassfurt deposits have not been formed directly 
from tlie cone, of sea water. The layer of mud — saliferous clay — served to some 
extent to protect the salts from the action of percolating waters, but not entirely, 
for, in some cases, the salts have been completely leached away and accumulations 
of gypsum and clay alone remain. I'his appears to have been the case, ftu* instance, 
in certain |)arts of Hannover ; in the other cases, only the more soluble magnesium 
irliloride has been leached from tlie potassium salts. The kainite layers lying 
above the carnallite layer are thought to have been formed by the action of perco- 
lating water on carnallite in the presence of kieserite, because carnallite in the 
absence of kieserite forms sylvite. The deposits of siilts from the inland sea was 
covered by a layer of clay, and buried to a great depth by biinter shales. Subsequent 
geological U})lieavals have tilted the strata in some localities, e.g. Fig. 1, and in other 
places — e.g, in the Kichfeld district between the Harz and the Thuringen forest — 
the strata are almost horizontal. 

Uses of the Stassfurt salts.— The magnesium compounds in the Stassfurt salts 
arc used for the prejjaration of magnesium and of its salts. The potash salts axe an 
essential constituent of many fertilizers used in agriculture, etc. ; ^2 and potassium 
chloride is the starting-point for the manufacture of the many different kinds of 
potassium salts used in commerce — carbonate, hydroxide, nitrate, chlorate, chromate, 
alum, fcrrocyanide, cyanide, iodide, bromide, etc. Chlorine and bromine are ex- 
tracted by electrolysis and other processes from the mother liquids obtained in the 
purification of the potash salts. Boric acid and borax are prepared from boracite. 
Cfesium and rubidium are recovered from the crude carnallite and sylvite. 
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§ 4. The Extraction of Potassium Salts 

Polaah ia both wealth and weapon. . . . Our po.sition as sole producer gives us the 
power of eaiiaing grave iiijtiry to the agriculture of our enemies l>y stopphig the PX[>ort of 
salts so iiulispensable to them for niuuurial purposes. ... If raw' materials are refused ua 
we shall revenge ourstdv^es on eaiemy agriculture with this war cry : At the c^neniy with a 
kilo of potash.^ Vo.ssTSc nio Zkititng (23 Xovc-mber, 1917), and O. N". Witt (1915). 

The Ktassfurt deposits have eualdcd the Gerruans to crush serious competition 
by underselling the potash derived from other sources. The prices were them 
raised. The (rermaji Potash Syndicate thus acquirtid an almost exclusive monopoly 
o[ the world's market, and compelled the world to pay them tribute. During the 
Great War supplies were cut otJ, and the threat of a serious potusli famine in the 
agricultural world rendered it necessary to explore all possible sources of suj)ply. 
As a result a kind of stock-taking of the world (outside Germany)- was made, and 
some extinct industries were revived. 

The chief sources of })otashi arc; (1) The dejn^sits of soluble potash minerals at 
StassfuTt (Germany), Alsace (France), Galicia (Austria), Catalonia (Spain), Jhinjab 
(India), and Atacama ((!hili). (2) Sea water, brines, and many lake deposits 

contain appreciable quantities of potash associated with the sodium salts. (B) The 
ashes of vegetation- c.//. wood ashes, beet-root residues, seaweeds, sunflower »stalks, 
hedge trimmings, etc, (4) The soapy water used for washing the grease from w’oob 
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(5) Products resulting from the decay of organic matter — e,y. Indian nitre ami 
South African nitre. The value of saltpetre for the manufacture of gunpowder 
and in the chemical industries is greatly in excess of its value as a fertilizer ; and 
consequently nitre is not usually regarded as a source of potash supply. (0) Blast 
furnace and cement>kiln dust. (7) The insoluble potash minerals — e.g. felspar, 
alunite, leucite, etc. 

Sea water and brines. — Nearly 2 per cent, of potassium chloride is contained 
in the 3'5 per cent, of solids in soln. in sea water ; hence 10,000 parts of sea water 
contain 7 parts of potassium chloride. The j^otassium chloride accumulates as 
impure carnallite in the mother liquids remaining after the separation of sodium 
chloride, and it can be recovered by crystallization. The salt-gardens at Crcraud 
en Caruquet,^ at the mouth of the Rhone, marketed potassiuiu chloride about 
80 per cent, purity before further developments were impeded by competition with 
the Stassfurt deposits. A low-grade potassium chloride, howwer, can be obtained 
as a by-product from the bittern of the solar refineries manufacturing common salt 
from sea water and the brines of saline lakes. The brine from Bearles Lake or 
Soarles Marsh, San Bernardino County, California, contains ,‘30*34 })er cent, of 
total solids dried at HO'", or 29*65 per cent, of anliydrous solids containing 2*17 per 
cent, of its weight of potash K 2 O .3 In the Searles basin, the ])ritie is pumped to 
storage tanks and distributed Ui evaporating vaenuin ])ans. The so<lium chloride, 
sulphate, and carbonate <Ieposited at the bottom of the vacuum pans are removetl. 
3'lie liquor is then boiled down to the point where potassium chloride begins to 
s(»parate. The hot liquor (90^-95°) is then run to the crystallization vats and allowed 
to cool. The mother liquor is drained from the crop of crystals of the crude potash 
salts, and returned to the system. A. de Ropp gives the following data : 



1^1^111407 


NaCl 

Na2S04 

£C1 

HgO 

Raw brine 

r*6D 

4*70 

16*60 

6*90 " 

4*76 

60*66 

Cone. liquor . 

8*81 

10*82 

9*67 

2*68 

14-87 

53*26 

Mother liquor 

7*82 

10*63 

9*43 

2*08 

10*82 

59*32 

Crude potash salts , 

10*91 

1*70 

10*93 

0*44 

66*34 

9*66 


1 -290 (30®) 
1*384 (30®) 
1 *362 (34®) 


The salt-crusted surfaces of the brackish lakes in the South Plains of- West Texas 
are said to contain proportions of potash which can be profitably extracted. 

Kelp ash. — ^The crofters about the rocky shores of West Scotland, Ireland. 
North-western France, and Japan used to burn the drift-kelp as a fuel, and scatter 
the ashes over the land as a fertilizer. The great success of kelp ash led to a rapid 
expansion of the business, so that at the beginning of the nineteenth century kelp 
harvesting was a flourishing industry. The potash originally employed in the arts 
and indu8tri<\s >vas mainly derived from kelp— the ashes of seaweed — and from 
barilla- the impure alkali obtained from the ashes of plants growing on the sea- 
shore. The ashes were mixed with varying proportions of sand, which during the 
incineration or sintering formed some silicates. The mass was lixiviated with 
water, and then decanted ; the filtered liquid was fractionally crystallized by 
eva{)oration.^ 

Wood ashes. — The ash of wmod, not coal, contains about 30 per cent, of potassium 
carbonate. Prior to the exploitation of the Stassfurt salts about the middle of the 
nineteenth century, the chief source of potash was wood ashes, and tlic process is 
still used in certain localities wdiere wood-fuel is employed and where much waste 
wood is available — e.g, in some parts of Canada, United States, Russia, Spain, et(‘. 
The ash of trees, hedge-cuttings, sawdust, etc., can be made to yield potash.^ In the 
Oxucasus, the sunflower is grown on waste land for the sake of its seed. The stalks, 
lea ves, etc., are a by-product and arc burnt ; the ash is used as a source of potasli. 
Nearly 7000 tons per annum of crude potash from this source were exported from 
Novorossik in Russia. The residues in the manufacture of olive oil and almond 
shells are also stated by G. TAbate to be exceptionally rich in ])otash salts ; 
F. W. F. Day claims that the roots of the water hyacinth (cichorffia cratfsipes) have 
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a high potash content, for they furnish 15 ])er cent of ash wit^ about 25 per cc.i 
K„0 ; and R. H. Ellis claims that banana skins burnish 1 <7 jicr <-cnt. of 
which in turn contains 57-16 per cent, of potash ' ho following data com,., lei 
by W. Savage, represent the percentage weights of the given constituents presem 
in the ashes of normal crops from an acre of ground : 


Grain 

Straw 

Hoots 

Tops 

Hay 


SiOft 

KaO 

CaO 

14-71 

14-39 

2-24 

233-08 

32-73 

27-62 

27-03 

142-66 

46-24 

2-67 

88-82 

72-14 

28-23 

38-22 

44*45 


PO 4 

Sp4 

V\ 

35-76 

0-12 

0 02 

10-56 

12-15 

3 55 

25-77 

46*24 

12-24 

28-80 

38-81 

49*76 

15-12 

9-20 

4-06 


MgO 

NaaO 

Vciii)^ 

7-60 

7-05 

1 - 1 1 

12-14 

1-21 

5-96 

18-16 

17-31 

4-30 

9-58 

16-76 

2 (i; 

7-09 

12-06 

0 -.‘i 8 


Under ordinary circumstances crops cannot hi* specially grown for the sake of their 
potash since the soil would be rapidly dcjdeted of this valuable constituent. In 
special districts, however, it may be ]»rofi table to burn wood in pits sheltered from 
the wind, and extract the ashes with water. 


The ash is mixed with 5 to 10 per cent, of slaked linio and placed in wooden barrol^i 
with false bottoms. Hot water is ]>oured over the' mixturi', and, after standing for some 
time, the liquid is drawn olT from time to tiiiu' by removing a ]>lug ru'ur the bottom 4>f tin* 
cask. The liquid with a sp. gr. over 1*15 is evaporated ; the low sp. gr, liquor may bo iised 
for lixiviating more ash ; and the residue in the barrels may be used as manurt', 1 he 
evaporation of the densest Ihiuor to diymess is conducted in cast-iron pots, and (he residuo 
is afterwards calcined in a reverberatory furnace to burn away Iho organic matter— at 
tho same time sulphates may be converted into sulphifles. The j^roduct is crude poUinfi. 
The crude potash may lie mixed with sawdust and re-calciin d. It is then dige.sted vvitli 
twice its w'eight of hot water, tillert'd, and cooled. The less soluble iiiq)uritit‘.s — mainly 
potassium sulphate — ciystalli/e out, and finally the mother liquitl is evaporated to dryne.^s 
and calcined as before ; or the soln. may be evaporated until ei'y^tuls of potassium carbonate 
are deposited. 


The purified product is callf‘d ivlniv njinid polaslt, and also pvarla^k. iSoiiic 
samples of American potasli are reported to the following conipo.sition : 


American potash 

. Iv^CT), 

KOli 


K(’l 

Ntigl 'U 

Third grade 

. 26-2 

26-5 

10-4 

j-7 

2-8 

Second grade , 

. ;u-5 

29-6 

1 50 

7 -5 

3-0 

First grade 

. 26-42 

36- 49 

4 10 

1--2 

J-3 

American poarlash . 

. 65-71 

— 

14-21 

3-7 

2 4 


The vinstsse of sugar beet. Sugar beet contains about tto ]>er cent, of potasli. 
K2O, largcdy in combiimtion with organic acids. The potash accunmlati‘s in the 
molasses of the l)(\st sugar factories. The molasses ar(^ fermented and distilled for 
alcohol. The residue wdiich remain.s in tlie retort— l alh d - may be used as 

a manure, or it may be mixed with lime and ignited to form w'liat was once called 
vinasae cinder, and used in tlio manufaeture of soft-soap. It is, however, more 
profitably refined for potash by fractional cr\ stallizatiou.® Tlie product lias 
approximately the composition : 



XoSOi 
6 to 8 


KCI 

18 to 22 


NufjCOg InsoliiMe 

IS to 20 Up to 28 per cont. 


Wool fat or suint. — The potasli found in plants is oltfained tivin the soil ; and 
the potash in tho soil is one product of the decomposition of rooks which form the 
earth’s crust. The potash which herbivorous .animal.s o.//. sheep — draw from the 
land is largely exuded as an oily sweat from the skin, and called, after the French. 
sufW. In tho first century of our era, Dioscoridcs called the mixture of wool fat 
and water oun wo^, mypm, a name which it retained up to the middle of the 
seventeenth century. fEsypus is mentioned several times liy Ovid. In spite of 
its disagreeable smell it appears to have been u.scd by the Roman ladies as one of 
their choice cosmetics. It is mentioned in N. Clulpepcr’s PharttMCopajia Umdi- 
nensvs (London, 1653), but it soon afterwards disappeared from the pliarniacopana 
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aK>n^ witli other j^rote8<|ue yet aiiti<[ue reiin‘dic.s - e./y. f)urnt swallowK, s lun^s, 
crah’s eyes, stag’s pizzle, hoar’s tooth, man’s skull, etc. In 1882, O. Braun and 
0. Liebreich patented a preparation which they called lanoline. Their process is 
virtually that desciiibed by Dioscorides and by Pliny. The suint accumulates in 
the wool so that it may form as mucli as one-third the weight of raw merino wool. 
The liquid in which wool iwS first washed contains most of the saint. This liquid can 
be evaj)orated to dryness and heated in iron pots or retorts. Fotassium carbonate 
is extracted from the residue by lixiviation with water as indicated above. Dried 
siiint potash contains : 


KaCOj, 

First parade . . 93*0 

Second grade . 87*0 


KaSO, 

KCl 

4*5 

Insoluble 

or,‘ 

2*0 

004 

51 

4-9 

2-7 

0*03 


The annual production of potash from suint in 1913 amounted to between five and 
ten thousand tons. 

Insoluble silicates. — Although the fidspathic minerals are slowl}^ decomposed 
by atm. agencies, the rate of th(j surface decomposition is too slow to render ground 
felspar particularly useful as a source of potash for fertilizing soils, altliouirh the 
valleys and Hats, which collo(!t the drainage from liills of felspatlnc rocks, are 
usually favourable for crops requiring large supplies of jiotash. The speed of 
decomposition is much facilitated if the felspar be ground (excessively line,® and in 
1910, h\ R, (’arpeuter paOuited the pre-calcination and sudden cpieuching of the 
mineral in order to make tln^ contained potasli dissolve Jiiore <iuickly in the soil 
wat(‘r. Ground alunite, or better, alunite calcined and groimd. is used directly 
as a potash fertilizer in some parts of tlie United States ; similar remarks apjdy to 
the use of ground leucite in Italy ; and the use of ground phonolite in b^eland. 

Numerous processes liave been proposed for extracting potash from felspar, 
hiucite, alunite, and other minerals rich in this substance, but the cost is so great 
that very few proposals yet made ofi’er promise of successful competition with the 
Stassfurt deposits. This is even the case with alunite, where mere calcination to 
bKK)'^ driv(‘s olT water and sulphuric acid, leaving water-soluble potassium sulpliatc, 
and alumina, Humpliry j)avy in his paper : On So)ne Chemical Affcncies of liledriciiy 
(1807), indicated in Cap. Ill, found that when water was electrolyzed in cavities con- 
tained in celestine, fluorspar, zeolite, lepidolite, basalt, vitreous lava, agate, or glass, 
the. })ases separated from the acid and accumulated about the cathode. It isthere- 
f()]'e probable that if water with finely divided potash minerals in suspejision were 
electrolyzed, the alkali would be separated in a convenient sim]>le way. 

In their study: The produedon of a rail able potash from (hr naiaral silicates, 
A. S. (Fishman and (i. W. (bggleshall revu‘wed the methods which have been 
proposed for extracting water-so]u])le potash salts from natural silicat<^s. Tliesc 
may be arranged in three groups. There is a dreadful monotony in various patents, 
for in sj>ite of their great numljer, very rarely does a novel princi})le a))pear which 
offers any promise of success. 


(I) Wet processes .' — In 1804, H, 8. lUackmore tried subjecting a mixture of lime, 
calcium chloride, and felspar to the action of steam in an autoclave; and ten years later, 
tio fiirtluT propostjd to treiit a slurry of the powderod luinc'ml witli carbon dioxide under 
a j:)ress. of 500 lbs. per S(p in. in ordt'r to produce potassium carbon ate. Neither 
proposal ha.s been auceessful. In 1805, 11. 1».' (^hatt lier propo.sed to release the poiash by 
mixing tho powdered minimal intimately with caustic limo and soda ash and arranging 
the mass in heaps, kept moist with water for about a month. G. L(?vi (1904), .\. J^iva 
(1905), J. Swayz(j (1907), and W. T. Gibbs (1909) proposed digesting the powdered 
mineral with soln. of the alkalies or alkaline earth.s under press. \V. T, Gibbs (1904) also 
propo.sod to treat tho mineral first w^illi hydrotluosilieic ac*id and then with Rulf>hnrie aeitl 
in ord(a’ to [)ro])ai*e ])otassiuTn sulphate ; and A. S. (.'iishman proposed mixing a slurry of 
tho mineral witli hydrofluoric acid, and electrolyzing the mixture in wooden vats provided 
with diaphragms. Alumina and potash collected in the cathode compartment. 
VV, T. Gibbs “ fused a mixture of felspar, lime, or alkali carbonate in an electric furnace, 
and recovered tho alkali from the slag ; W. T. Gibbs used phosphate rock in place of lime. 
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S. Pt^acock {leatod a niixturo of powder felspar and coal in a roduoiug atm., and treated < h 
product with suporheatod Bteaiu in an autoclave in order to rejcover the walor-solubt 
potash. B. h\ Halvoi-sen heats to 650^ a mixture of ground felspar, cyanandde, on<! 
alkali salts with superheated stoam. Ammonia and soluble potash are forin<<I. 
H. W. Charlton digested greensand m ith lime and water in an autoclave. ’ 

(2) Dry volcUilizcttion proceHa , — Potassium salts are found in the fumes emitiiMl bv 
blast furnaces and cement kilns. Various pro})osaIs Jiave been made in which tho pow lit'icd 
mineral mixed with suitable tiuxes — and in some cases with carbon — ^is heated iri sluifhs 
in rotary kilns at a temp, — say 900° — in. order to volatilize the potash salts. A. J, Sway/i* 
(1905) used gypsum and carbon and collected the volatilized sulpbato ; A, C. Spencer and 
12 . C. Kckel ( 1 909) clinkerod a mi xture of groonaaud wi t h cab^ai oous and silieoous fluxes— a k i nd 
of Portland cement was obtained ns a by-pro<luct. Similarly, B. Herat oin fritted a mixtun 
of felspar, calcium clilorido, and chalk, lii K. W. JungiK'r’s methcKi a mixture of ftdspar wit h 
throe times its weight of calcium carbonate' calcined bid ween 1 100" and J450" in a rotary 
kiln. H, E. Bro^m lieatc'd a mixtun' of coal or coke, jiowtlered felspar and limestone 
in a blast furnace- — the fust'd mass was run into a cooling apparatus and grouml for cement ; 
th’e potash largely passed otT witli tho furnace gases and was collect c»d as dust. 
J. N. Carothors fused phosiihatt^ rock in an (‘lectric furnace, and collected the potash 
fume evolved. 

(*i) Dry processes ^ — In 1850, C. BickoJl Jieatcd a mixture of fclsjiar, lime, and a 
natural phosjihato or guano to a brigiit redness; and the SitcUta Roinann ^Solfali roastc<l 
a mixture of leucito with alkali- -carbonate, hyclroxide, or nitrate— -lime, aiul carbon a( a 
red lic'at. VV^hen steam was passed througii the mass, sodium aluminate an<l potassium 
earbonatc were obtainiMl. F. O. Ward and F. Wynants fritted felspar with Ibujrspar and 
lime. Tho soluble ])otassiam silicate obtained by lixiviation w ith wat«‘r was decoiujjosed 
with carbon dioxide. A. 11. Linblad fused a inixlurt* of felspar, coal, and iron t»ro in an 
electric furnace, tho soluble potasli was obtained by lixiviation of the jiroduct with water : 
C. VV. Drury fused a mixture of felspar, lime, mid iron fixide (ha*rnatitt^), and (‘xtraeled tho 
potash by lixiviation with weak acids. J, (1. A, lihodin ( I9b0) fritt(‘d together a mixture, 
of felspar, lime, and salt ; K. H. MeKco (1907) fritted micaceous inima'ftls with lina*, carbon, 
and salt ; A. S. Cushman (191 1 ) fritted a mixture of felspar and limc' and a salt of a niineral 
acid cajiablo of decomposing the felspar. W. F. IVadman fritted le])i<lolito with potassium 
sulphate and obtained litiiiuju suljihuti' w'ben tho mass was leached with Kuljjliuric a(*i(J. 

Thompson lieatod a mixture of felspar, sodium acid sulphate (nitre cake), 
and sodium chloride. The potassium sulphate formed was leached out with water. In 
tho same year, E. Hart fritted tho felspar with barium suJjibate and lime, potasli alum 
passed into soJn,, and th€'ro romaimHl a mixture of silica and barium sulpiiate said to bi? 
useful as a white pigment. ' ^ 


Cement kiln and blast furnace flue-dust. - In 1904 , E. Ciiuuei iiointed out 

that the clouds of dust deposited in the drying <‘liain]>er of rortlarid rvinvnt works 
utilizing the waste gases fur the drying, conlajii notcihle uinouiits — jier cent. 

of soluble cilkalies. 1 he soluble portion contained 61‘1 per oiuit. of jiotussiuiu 
sulphate, and 38 9 ])or cent, of jiotassiuiu carbonate. Tlie proportion of silica in 
the insoluble portion was found to l>e too high for it to have come from the cement. 
Ill the same year, C. Richardson sliow^ed that with tJie prices then rulin')'* the 
recc’vcry of the dust promised not only to be a fnulitable operation, but also offered 
hygienie advantages for the workers. According to K. M. Chance, also, the dust 
in the gas-cleaning plant of blast furnaces inannfacturijig pig-iron contain,s enough 
potash for prolitable eximctioTi. and if the ore ho salted, tlie yi(dd of potassium 
chloride is increased from 30 to 2(X) lbs. por million cub. ft. of gas. 

Two systems are in vogue for the recovery of alkali from cement or blast furnace 
dust -electrical precipitation by Cottrell’s jirocess, and the watcr-sprav system. 
In the latter process, the gases leave the cement calcining kiln at 380“, and pass 
though a dust-settling chamber where the temp, has fallen to ahont 230“ ; the gases 
then pass into a spraying chamber, and the water thence runs through condenser 
tubes Avhere much of the water is evai>orated. 'I’he liijuid is liltorod to separate 
insoluble mud, etc and evaporateil for crystallization. The accumulation in the 
dust chan.ber ,» Idccwise leached with water, filtered, an.l evaporated. A great 
deal of potash fume was found to ese.a],c wetting by the water sprgv and was lost 
unless elaborate gas-scrubbers or coke-towx.rs were em,,loved for the* fumes leaving 
the spraying chamber. The troubles connected with tho collection of the dust have 
been largely overcome by passing the gases through insulated tubes where the fine dust 
IS electrified and condensed. The salting of the ores used in blast furnaces is said 
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to facilitate the volatilization of the potash. According to E. C. Rossiter, and 
(v. 8. Dingley, about 80 per cent, of the total potash in the furnace charge can be 
recovered from the North Lincolnshire ores ; similarly with blast furnaces using 
haematite ores ; and about 33 per cent, of the potash in furnaces using Cleveland 
ores. It is estimated that the blast furnaces of England and Wales can furnish 
63,292 tons of potassium chloride per annum. 
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§ 5. The Extraction of Lithium, Rubidium, and Caesium Salts 

I'hc fivo alkalies frequently occur together so that in almost all cases of extraction, 
it is iKM/essary to se])a,rate the alkalies from one another. Jiilbiuni can bo sc[)aratc(l 
from tlie other members of the alkali family by taking advantage of tlie ready 
solubility of its chhiride in amyl alcohol (K, A. (Joocli),' in absfdnie etlier and alcohol 
(C. F. Kammelsberg), in jirimary butyl alcohol (L. W. Winkler), or in pyridine 
(L. Kahlenbcrg, F. (k Krauskoff) ; the sparing solubility of tbe jihosphab* in water 
(J. J. Berzelius, and W. Mayer) or in ammoniacal soJn. of etliyl alcohol (li. Bene- 
dikt) ; the sparing soJubilit y of the carbonate (iJ. Mii]I(*r), or iluoride (A. Carnot) ; or 
tlie ready soJid)i]ity of the Jiuosilicate (C. Ueiehard). .Potassium, rubidium, and 
caosiuni ean be separated from sodium and lithium by^ taking advantage of the sparing 
solnliiliiy of the ehloroplatinates of potassium, rubidium, and eiesium. If thallium 
be present, it will be precipitated as a sparingly soluble thallous chloroplatinate. 
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Tl 2 PtiC] 0 , along with the rubidium and cecsium ; but thallous salts arc precipitated 
by ammonium sulphide; by hydrochloric acid; and ])articularly by potassiutu 
iodide. Potassium, rubidium, and caBsium can also be separated from the other 
two alkali metals by taking advantage of the scaring soliilnlity of the j)otassium, 
rubidium, and Cfesium alums. Potassium can >)e separated from rubidium and 
cajsium by taking advantage of the greater solubility of potassium chloroplatinate, 
or of potash alum, or of potassium silicomolybdate (F. P.armentier) in water. 
Caesium and rubidium can be separated from one another by taking advantage of 
the difference in the solubility of the chloroplatinates, of the alums, or of the 
oxalates (J. Formanck), by the formation of a more stable and less soluble rubidium 
tartrate (R. Bunsen) ; by the greater solubility of caesium carbonate in absolute 
alcohol (R. Bunsen) ; by the very sparing solubility of the double chloride and 
iodide of esDsium. CsCl 2 l (H. L. Wells) ; - cijosimn lead iodide, CsPble (H. L. Wells) ; 
caesium antimony chloride, t'ssSbvCl^ (F. Godeffroy) ; caesium stannic chloride, 
Cs 2 «nCle (S. P. Sharpies). 

Lithium* — In order to extract lithium from the silicate minerals — pctalite, 
lepidoHte, s])odumene, amblygonite, etc. — rl. J. J^erzelius ^ fused the finely powdered 
nxineral with twice its weight of calcium nr barium carbr)T)ate. L. Troost fused a 
jnixtiire of finely powdered lc])idolite with an eipial weight of liariuni carbonate, 
half its weight of barium sulphate, and one-third its weight of puiassiuin sulphate. 
In the latter case, two layers were formed ; lithium and ])otassium siilpJiates accumu- 
lated in tJie upper layer from whic^.h they were extracted ])y simple lixiviation. The 
sulpliates are converted to chlorides by treatment with barium (diloride. The 
filtered liquid is evaporated to dryness, and the chlorides extracted with a mixture 
of absolute alcohol, or pyridine. The lithium chloride dissolves, the other alkali 
clilorides remain as an almost insoluble residue. 

F. Filsinger ^ decomposed finely ground lepidolitc by mixing it with cone, 
sulphuric acid and igniting the mixture up to, say, 340"". I'he mass is extracted with 
water. 11 ie silica may be filtered off, and the aluminium sulphate converted into 
potash alum by treatment with potassium sulphate ; on standing, most of the 
alum se[)arates as crystals, the remainder is removed by making the soln. alkaline 
with lime water, adding calcium carbonate and freshly precipitated aluminium 
hydroxide, and boiling briskly. Practically all the alumina separates as basic 
alum or aluiiite. 3"he filtrate is cone, by evaporation, and the lime precipitated by 
treatment with oxalic acid ; the iron and manganese are [jreripitated by potassium 
hypochlorite or ammonium sulphide. The crude solii. of lithium sulphate so 
obtained is treated with potassium or ammonium carbonate to preci))itate lithium 
carbonate. The mineral tripliylite, Li(Fe, Mn)Pv) 4 , is also a source of lithium. It 
is decomposed by acids. 11 . F. Weinland and L. Storz treated the finely powdered 
mineral with aqua regia, and evaporated the mass to dryness with frecpient additions 
of hydrochloric acid so as to remove the nitric acid. The remaining mass was 
extracted with hot water, and the liquid treated with an excess of milk of lime ; the 
filtrate was treated with a soln. of ammonimn carbonate in ammonia, filtered, 
evaporated, and heated to drive off the ammonium salts. The lithium chloride was 
extracted from the dry residue with a mixture of absolute alcohol and dry ether. 
The extract was evaporated to dryness, and re-extracted with the same solvent 
until the lithium chloride obtained coloured the noii-luminous gas- flame dark red. 
11. Muller 5 treated the same mineral with hydrochloric acid, oxidized the iron witli 
nitric acid, precqiitatcd the phosphoric acid by the addition of a ferric salt, and 
evaporated the filtrate to dryness. I'he manganese and lithium chlorules were 
dissolved by extracting the dried mass with hot water, and the nianganes*' precipi- 
tated ])y the addition of barium sul[)hide. The excess of barium was removed by 
sulphuric acid. Lithium oxalate was obtained by evaporation wdth oxalic acid, 
and the oxalate was converted into carbonate by ignition. 

The purification of lithium salts. — The lithium salts prepared by the above 
described processes contain salts of the alkalies and alkaline earths. These 
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impurities are very difficult to eliminate. In 1850. J . W . Mallet ® purified the chloride 
by dissolving it in a mixture of alcohol and ether, but «L S. Stas has shown that, 
re{>eated treatment by this solvent is not sufficient to remove the alkali chlorides ; 
K. Diehl repeatedly precipitated litliiiiiu by ammonium carl)onate, some thirty 
precipitations were, required to free it from sodium. L. Tre^ost repeatedly dissolv('<i 
litliium carbonate in cold water sat. with carbon dioxide, and reprecipitated the 
lithium carbonate by boiling the soln. ; but W. Dittnuir failed to obtain a pure 
salt by this means. J. S, Stas tried to ])urify lithium salts by a combination of 
DiehPs and TroosCs processes, but he failed to jucparc a sample which did not 
show the sodium lino iijion very careful spectroscopic examination. He volatiliz(‘(i 
one-third or onc-half the carbonate in the. oxyhy<lrogen llame an<l obtained a residue 
of oxide free from sodium, but he failed to prepare lithium clilorkh* from this oxide 
free from sodium, and he remarked : C'csf rimpos^tihilite de pn purer du (tidorure dr 
lithium ve donwint pm la raie sodique. However, T. W. Richards and H. H. Willard 
did prepare lithium salts of a liigh degree of purity in the following manner : 

A boiling soln. of ammonium lluorid© was poimnl into a boiling soln. of litliium salt, slovfly 
and with constant stirring. An excess of either .s»dt wns avoidc'd. 'Flu' c'oarsoly eiystallini' 
lithiiun fluoride so obtained was washed several times w ith water. .V rejietilion of this treat 
ment suftioed to give lithium fluoride speet n^scopieall v free from soiiimn. 'Fo eliminate calcium 
and magnesium, tho lithium Ihioride was convertt'd into the (‘orresfuniding nitrate or pt‘r- 
chlorato by heating it in a platinum retort with the corresponding a<‘i<l. Three or four limes 
the theoretical quantity of nitric acid was requir<id for the conversion. ^I’he salts u<‘re 
rocry.staJUzod several times with centrifugal draiiiag(\ and no calcium, or inagncsiiuri. or 
sulphate could be then detected by the <a'dinary chemical tests. 1'he nitrate c an bo c on vertt cl 
into carbonate by pouring a soln. of the lithium salt into a hot cone. soln. of ammcmiuni 
carbonate, and washing the coarsely crysiallmo precipitate' several times in hot watt^r. 

Lithium, rubidium, and Csesiuni.—F. V. Robinson and CA \ Hutchins 7 extracted 
all three alkalies-- litluum, rubidium, and caesium by decomposing the mineral 
with fluorspar in the following manner : 

An intimate inixturo of equal parts of finely ground lepidolito and Ihiorapar-^say, 
100 grms, lepidolite — is stirred with sulphuric acid in a load or platinum dish so as to 
form a thin slip. When the furni's of silicon fluoride, etc., have nearly coast'd to bo evolved, 
heat the mixture on a sand bath or liot plate between 200^ and 300^ unlil tho re.siduc is 
dry and hard. Extract tho mass with hot water until a few ilrops of tho washings give no 
yirecipitate with aq. ammonia. Evaporate tho soln. down to about 100 tr.e., and filter tlu*. 
hot liquid so as to remove calcium sulj>hate. 'Fhe cone. soln. is sat. with animonium alum 
and allowed to stand for .some time. 'Fho inixoil crystals of potassium, rubidium, and 
ciesium alums and of lithium salt arc dissolved in 100 o.c. of distilleil water and rccrysiab 
li/ed. Tlio recrystailizatiou is rep(‘attMi until tho erystnls show' no speet roseopic reaction 
for potassium or lithium. Tho yield naturally depeiid.s on th<' variety of h pidolitf* (aiipJoyed. 
100. grms of an avorago sample gives about JO grm.s. of crudo crysUils ; and about 3 grins 
of tho purified caesium and rubidium ahims. For the purification of caesium and rubidititn 
salts, see tho chlorides. Tiio mother-liquors are treated with an excess of boiiuin carbonate, 
boiled, and filtered. 'Fhe filtrate is acidified witli hydrochloric acid, and evaj)oratcd to 
rlryncsa. Tlie residue is extraototi wit h absolute alcohol in which liiiuurn chloride is soluble, 
and the other alkali chlorides aro sparingly soluble. 

Rubidium und emsium. — One of the most important sourcits of rubidinm i.s t-lio 
mother-liquor remaining after the extraction of potas-siuin (chloride from carnallite. 
The mother-liquid coutains ruhidiuiri l•a^n!lllite, ItU’l.xMgCJa.hHyO, and cEOsium 
carnallite, (.'sdl.MgtUo.GH^O. Aluminium .sHl])hate is adde<l to the soln. and the 
alums of caesium and rubidium are separated l)y fractional crystallization. These 
two alkalie.s are also obtained from the mother liquids remaining, after tl\e (ixtraetion 
of salt from sea water.s II. Bunsen, it will he reniernhered, obtained these two 
alkalies from the mother-liquid furni.shed by t he evaporation of nearlv fifty thousand 
kilograms of the mineral waters of Diirkheim ; and li. Ilottger ohtaiiH'd them from 
the waters of Nauheim. I'he mother-liquid of the nitre refineries also furnishes these 
alkalies.^ 
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§ 6. The Preparation of the Alkali Metals 

TTio koy to a knowledge of Nature’s methods is her analogies. — ^R. Ottolengui. 

When any apparently exceptional or new substance is encountered, the chemist is 
guided in his treatment of it by analogies which it seems to present with previously known 
substances, — W. S. Jkvons. 

Discoveries in science arc very often made by following up hints received from 
analogies. ^Tlie history of lluorine has taught the value of analogy a.s the source of 
prophetic ( onjectiire, and the isolation of the metals potassium and sodium is another 
good illustration. 1 At tlie beginning of the nineteenth century, the so-called alkalies 
and alkaline earths- -magnesia, lime, and potash — were (jonsidered to be elementary 
substances. A. L. Lavoisier proved that some things resembling the earths — 
c.fj. tin oxide, iron rust, mercuric oxide — could be resolved into two substances, 
oxygen and a metal. By analogy, Lavoisier inferred, in 1793, that the inditlerence 
of the earths for oxygen is due to their being already oxidized, and he ventureii to 
])redict tliat they are not the 8iin|)le substances, for he conjectured that it would be 
possible to resolve them into the corresponding metals and oxygen. It was reserved 
for H. Davy to realize this i)rognostication, after it had been shown that the 
electric current could resolve water and certain salts into their elements. H. Davy 
tried if the electric current would work in an analogous manner on caustic soda 
and caustic potash. As a result, Davy isolated the metal potassium on October 6, 
1807, and sodium a few days afterwards. It is related that Davy was so elated 
with the success of his experiment that he could not contain his joy, but bounded 
about the room in an ecstasy of delight. 

H. Davy ^ exposed a piece of solid potassium hydroxide to the atrii. for a few 
seconds so that a conducting film of moisture formed on the surface. The piece of 
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potash was then i.laced on an insulated disc of platimmi oonneoied with the negati . , 
pole of a hatter)-, and a platinum wire connected with the positive pole was brou, i - 
in contact with the upper surface of the potash. Da\y aadec . 


Under these cirouinstancos a vivid action was observed to take place The potusl, 
began to fuse at both its points of electrification. Jliere waa a violent otTerveecenee „j 
the iiiiper surface ; at tlio lower, or negative .surface, theiv was no liberation of eliist :o 
fluid / hut small globules having a high metallic lustre, and being pj^cisely sirndar m yi.,!.!,. 
chart^efor to <,uicksilver. appeared, some of which burnt with exp os on imd bright l am,, 
as soon as they wore fonned, and others remained, and were merely tarnished, and frimll, 
covered bv a white film which formeil on their surface. The globules mimorous cx|>i'ii- 
ments soon showed to be the substance I was in search of, and a peculiar inflammabl. 
principle, the ba.sis of potash. 


1'his discovery was soon followed l>y the isolation of hariuiu, strontium, and calcium . 
By analoc^y, it was further inferred that all amor])lious ])owders-- alumina, magnesia, 
etc. — possessing similar ])ropcrii('s, were, metallic oxides. ^ As a results when a new 
eartli is now' discovered, (dieinists believe, hy faith, that it is tln^ oxide of a metal 
even in eases w’liere the su])])o.scd metal has never been isolated. 


Cathode. 


N. M. TTopkins ® has trivon the follovYing siinplo mod ideation of l.^avy’s expcrimeiil • 
A small cavity is made in a block of sodium hydroxide, ami the block moistened with 
water. Tho block is placfxl on a piece of sheet platinum <ir nicrkel. Afercury is pf>iirf ff 

into the cavity, and n }»latinum or nickel win , 
dipping in the merenry, is eonnocted with tho 
negative lead of a current of electricity; 

tho plate of platinum or nickel is conneetpd 
with the posit Ivt? lead, as indicated in Fig. 7. 
During the electrolysis th<' sodium hydroxifle is 
moistened from time to time. After about an 
hour, the mercury be(‘oin(‘s immobile owing to 
th(‘ amalgmnatifjn of sodium with the meteury. 
T)?c two inetahs can bo s<'parated by distilling 
off the mcrcuiY ; .sodium rc^mnins behind. 


Cavity m block of 
Potassium Hydroxide, 



-Mercury m cavity. 
Platinum fod. 


Fio. 7 — hiiitnimn of 
ment on Elect roIysi.s 
.1 tydroxide. 


f >a vy > Kx] lei x - 
of Potassium 


llu?)i]>ljry Davy's ])rocos.s for the isola* 
lion (*f tho alkali metals by the aid (d 
tho electric current is now’ regarded as 
the foundation of dry eJcctromctalJurgy, 
and justly so in sjute of the fart that ]\J. 
van llaruju^ laid previously reduced several eom])ounds by subjecting tlnnu to the 
electrical discliarge. These nuThods were descrila'd in M. van Alarum’s jiamphlet : 
Ej’fdtiovces. (fiii fohf voir, qii il ;// a do la calorique duns la fluid ilcdriqnc (Ifaarlem, 
1705). .He noted that in the reduction oxvgen gas is evolved, and he credited 
tho decomposition to ilic licating effect of the electric current. A few y<‘ars later, 
J. \V. Hitter decomposed silver salts by the discliarge from a small electrical 
machine. 

Tho alkali metals an*, strongly electro-j>ositive, and their affinity for oxygen is 
great. The, extraction of such metals from their compounds — oxides or halides- — 
recpiires the u^e (»f powerful reducing agents often at a high temp. Such operations 
are usually costly and difficult. Tlie electrolysis of a<[. soln. is not practicalile 
because tlie deposited metal iniTnediaielv reacTs with the solvent, but in some cases — 
n.fy lithium- t.lic metal can be dijposited by the electrolysis of sobi. of the salts in 
solvent.^ wliiidi do nut decompose the deposited metal. Tlic most direct ])roccss of 
preparing the alkali metals is 1o ele» trolyze the anhydrous and fused hydi oxide or 
salts. In sj)ite of the losses involved in generating electrical energy, electrolysis is 
oftrn the rh<‘Mpc*st way of extracting tho light metals. Those compounds which 

othorwisc the cost of maintainitig 

l,, -.I, prrf„.o,l cleotoJjl, ; it „,„„t 3,8.^ „h.r»rthc iSe 
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melts at 801''. Sodium boils at 877°, and at the m.p. of the chloride the vap. press, 
is high. Sodium is the only metal in the alkali family which is produced commercially 
on a large scale ; })otassium is obtained commercially by the electrolysis of fused 
potash, but, in view of the higher cost of potassium salts, and the fact that metallic 
sodium can be used in place of potassium, relatively small quantities of potassium 
are made ; lithium, rubidium, and caosium partake more of the nature of chemical 
curiosities, and are produced on a small scale. 

The general methods for the production of the alkali metals are : (1) Electrolytic 
'firoccsses involving the electrolysis of (a) the fused hydroxide, or (6) a fused salt — 
chloride, nitrate, cyanide, etc. (2) ChemicAil processes involving the reduction 
of hydroxide, or carbonate, or other salt with carbon, metal carbide, iron, calcium, 
magnesium, aluminium, etc. W. Spring ^ claims to have reduced a little potassium 
chloride by passing hydrogen over the salt at a red heat. 

Electrolysis of the fused alkali hydroxide. -At the time of Davy's discovery 
the dynamo had not been invented, and the electric current derived from batteries 
was far too costly for the production of sodium on a manufacturing scale. In modern 
works, where cheap electrical energy is available, modifications of Davy’s original 
])rocess — electrolysis of fused 
sodium hydroxide — are used for 
preparing sodium industrially 
— e.y. 11. Y. Castner's electro- 
lytic y^rocess (1890).® Potas- 
sium can also he made by 
H. Y. Castner’s j>roccss. 

H. Y. Castner’s electrolytic pro- 
cess for sodium. — 'rho aodium 
hydroxide, contained in an iron 
pot set in brickwork, is Tnoltcd by 
means of a rinjj: of gas jet.s plact^d 
imdernenth ; and kept about 20'^ 
above <ho ni.p. (318°) of sodium 
hydroxide. '^Che eathodo, II, of 
nickel or iron rises tlirongh tho 
bottom of the iron pot. A, Pig. 8, 
and is maintained in position by 
a cake, K, of solid sodium hy- 
droxide in the lower part of the 
pot. The anodes, F, several in 

number, are siispomled around , ^ ^ 

the cathodes from above. A 8.— Castner s Klectrolytic Process for bodium. 

cylindrical vessel, ND, ^floatsT in 

the fused alkali above tho eathodo, and tho sodium and hydrogen liberated at tho 
cathode collect under this cylinder. The hydrogen escapes through the cover, and tho 
atm. of hydrogen in tho cylinder protects the sodium from oxidation. A cage of nickel 
wire gauze, J\I, separates the anode, F, from tho cathode, H. From time to time the 
sodium, D, is skiiiimod off by means of a perforated ladle, which retains the liquid metal, 
but allows tho molten hydroxide to flow back. The oxygen liberated at the anode escapes 
via tho vent F, 

Hydrogen is a by-product in Castner’s process, and if there l)e no commercial 
demand for this gas, its production represents so much w«astcd energy. The 
rnceJurni^m of the electrolysis has been investigated by G. Janeczek and by M. lo Blanc 
and J. Brode.7 If commercial sodium hydroxide is used, the moisture is first electro- 
lyzed giving hydrogen at the cathode, oxygexi at the anode ; as the eloi trolysis 
proceeds, ilie yiroduction of liydrogen becomes more and more difficult, until, at a 
certain decomposition voltage, sodium appears. If the sodium hydroxide lias been 
previously dehydrated, no liydrogen is evolved before the sodium ajijiear.s. The 
hydroxide is electrolyzed NaOII->Na‘+OH', the sodium appears at the cathode, 
and, at the anode, the hydroxyl is resolved into water and ox)'’gon. Tlie hydrogen 
which ap}>(»ars at the. cathode is the product of a secondary (*li(‘mioal reaction, 
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betw^n.the sodium at the cathode and the water formed at th6 anode: 2Na 
+2H204^2Na0H+H2. It is therefore possible to have both hydrogen, atwl 
oxygen liberated at the anode, and exj)losions may then result. Sodii^ and 
potassium are soluble in their respective anhydrous and molten hydroxides rr 
sodium more so than potassium. The solubility decreases rapidly with temp. — 
being 25'3 grms. of sodium per KX) grms. of hydroxide at 48C)^, and 6*9 grins, at 
800°. The secondary reaction between sodium and the water fc>rnicd at the anode 
is greater at higher temp, because the rate of ditTusion of the metal in* the electrolyte 
is greater under these conditions. The sodium which diffuses to the anode may 
also react with the oxygen there being evolved, forming sodium peroxide : 2Na 
+ 02 “>Na 202 ; and the latter may react witli more sodium, forming the monoxide ; 
Na202+2Na— >2Na20. These secondary reactions reduce the yield of sodium, and 
M. le Blanc and J. Brode estimate that the Castner process cannot give higher than 
a 50 per cent, current-efficiency ; they also show that if water could be kept away 
from the catliode — by, say, a current of dry air and sodium from the anode— by, 
say, a non-corrodible cathode diaphragm the yield might be augmented. 

The heat of formation of sodium hydroxide, NaOII, is 102 t-als., and since one 
joule is eq. to 0-(XX)21 Cal., 1(>2 Cals, arc eq. to 425, (X30 joules ; and the minimum 
voltage required for the electrolysis of fused sodium hydroxide is 425,000-^-96,540, 
or 4*4 volts. Thomson's rule give.s the decom[>osition voltage of molten sodium 
hydroxide, 3*1 volts. O. ISackur,^^ and M. le Blanc and J. Brode found the de- 
composition voltage of tlie wat<T present in moist sodium hydroxide to be I II volts 
at .330° ; and for sodium formation, 2*2 volts at 330 If tlie average voltage of 
the cuiTcnt running Castner's cell is 4*5 volts, and there is a currcnt-efliciency of 
48 per cent., there is an energy-efficiency of 22 per cent. 

Cr. von Ilevesy obtained greater yields of p«)tassium by tlu^ electrol 3 'sis of its 
hydroxide than of sodium with its liydroxide at tlie same temp. For exam])le, 
between 320° and 340°, a 27 ])er emit, yield of sodium, and a 55 ])er ceiit. yield ol 
potassium, wxu*e olitained. 3’liis was traeod to the increased rate of ditTusioti of 
sodium from cathode anode where the metal is lost by sei’ondaiy react ioUwS : 
and this the more, the higher the temp. F. C. Wirkel and \V. Tiobcl obtained 
potassium from its hydroxide and metallic sodium, by melting the two together in 
the absence of air ; sodium oxide is formed ami potjussium distils frfun the mixture : 
hydrogen gas also escajies. 

There are other proeesscs analogous to (.^istiur's winch involve no new princijdes 
and which arc used to a limited extent ; for instance, with H. Berk(*r’s ]>roces8 
the form of the cell is modified : and th(‘ contact electrode jirocess of the Chem. 
Fabr. Oriesheim-Elektron, where the cathode docs not dip into the electrolyte Imt 
is merely in contact therewith. 

The electrolysis of fused alknli salts. -Many attemi^its have been made to 
firepare sodium directly by the electrolysis of tlie fused chloride, since that salt is 
by far the most aliundant and the cheapest source of the metal. The high fusion 
temp. ; the strongly corrosive action of the molten chloride ; and the difficulty 
of separating the anodic and cathodic products, are tlie main difficulties which 
have been encountered in the jiroduction of sodium l)y the electrolysis of fusiul 
sodium chloride. Attention has been previous! v directed to C, E. Acker’s .process 
for the preparation of sodium, or rather a soilium-Iead alloy, by the electrolysis of 
fused sodium ohloridc wffiereby so<liuin Ls produced at one electrod<i, and chlorine 
at the other , but the process docs not appear to have }>eeu cornmerciallv successful. 
In E, A. Ashcroft s abandoned jiroccss the fused ithloriile is electrolyzed* in a double 
cell with a carbon anode, and a molten lead eathode. TIk' molten lead-sodium 
alloy was transported to a second chamber, when? it was ma<le. the anode in a bath 
of molten sodium hydroxkhi wher<d,y sf>diiini was deqiosited at the cathode. 
A. Matthiessen electrolyzed a mixture ol soilimn ehloride with half its weight of 
calcium chloride ; the addition of the chloride tl,e alkaline eartli. said h, Grabau, 
hinders the formation of a subchloride. J. Stoerck recommended the addition of 
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20-25 per c<mt^ of the alkali fluoride in order to make the electrolyte more ftteible. 
B^Bunsen’s failure to obtain rubidium by the electrolysis of the chloride is thought 
th be due to the formation of the hydride, and not the subchloride as he supposed. 

Linnemann prepared potassium by the electrolysis of fused potassium cyanide ; 
^ and O. Setterberg prepared cjosiurn by the electrolysis of a fused mixture of caesium 
and barium cyanides. The barium cyanide is added to make the mixture more 
fusible. In J. D. Darling’s process, sodium nitrate was electrolyzed in cast-iron 
pots, the gases evolved were passed into water so as to form nitric acid as a by- 
product. 

In order to obtain metallic lithium, A. Guntz electrolyzed a mixture of equal 
parts of lithium and potassium chlorides ; and 0. Ruff and 0. Johannsen obtained 
better results with a niixture of lithium bromide with 10 to 15 per cent, of the chloride. 
The electrolysis is conducted in a graphite retort with a thick iron wire as cathode, 
and a current of 100 amps, at 10 volts gave an 80 per cent, yield. 

In R. Bunsen’s apparatus, an iron wire and graphite rod dip into the fused chloride 
without the aid of the clay pipe. In a few seconds, says Bunsen, a small silver-white 
roguius is formed under the fused chloride round the iron wire, and adhering to it, which, 
^fter 2 or 3 minutes, attains the size of a small pea. To obtain the metal, the wire pole and 
regiilus are lifted out of the fused mass by a small, flat, spoon-shaped, iron spatula. The 
wire can then }>e withdrawn from the still molten metal, which is protected irom ignition 
by the lithium chloride with which it is coated. The metal, after cooling under rock oil, 
may now be easily taken off the spatula with a pen- 
knife. As this operation can be repeated every 
throe minutes, an ounce of lithium chloride can 
be reduced in a very short time. In F. Hiller’s 
modification,** lithium chloride, mixed with am- 
monium chloride, is heated to its m.p. in a 
porcelain crucible, Fig. 9. A piece of iron wire, 
passing through the boro of a “ clay ” tobacco 
pipe inverted in the molten chloride, serves as 
cathode ; and a rod of retort carbon serves as 
anode. For the sake of cleamess, . the drawing, 

Fig. 0, has been made as if the part-s of the 
apparatus wore transparent. If desired a stream 
of dj*y hydrogen gas can be passed into the tobacco 
pi])o so that the liquid about the cathode is not Fio. 9.— Preparation of Lithium by 
exposed to oxygen. A current from a battery tho Electrolysis of its Chloride 

giving 7 to 8 volts serves for tho electrolysis of (Diagrammatic), 

tho molten chloride. Tho reduced lithium rises to 

the surface of the liquifl in tiie compartment where it is protected from oxidation. Before 
using tho apparatus it is advisable to cover the crucible and pipe with a layer of powdered 
graphite made into a slip with a dil. soln. of lithium chloride. The coating is dried and 
baked at a rod heat. This prevt'nis the formation of lithium silicide by the action of the 
fused chloride on the clay. After an hour's electrolysis, tho apparatus can be cooled, and 
the regulus of lithium removed by breaking the pipe. 

Lithium cannot be obtained by the electrolysis of aq. soln. of its salts, but 
L. Kahlenberg obtained it by the electrolysis of soln. of the chloride in pyridine, 
acetone, or in various alcohols. Silvery white lithium was obtained from a cone, 
soln. of lithium chloride in pyridine at the room temp, using a graphite plate as 
anode, and an iron plate as cathode with 0*2 to 0*3 amp, per 100 sq. cm. of cathode 
surface, and a potential difference of 14 volts. 

Reduction of alkali salts by carbon or the carbides. — In 1808, F. R. Curaudau 
used charcoal as reducing agent. The reaction is endothermic : Ko(' 03 + 2 C 

~3CO+2K—189 Cals., but at the high temp, of the retort, the thermal value of the 
process will be very different from this — part of the carbonate, for instance, will be 
dissociated. Tt was found imp<irtant to get an intimate mixture of the alkali and 
the carbon. This was obtained by heating acid potassium tartrate in a covered 
crucible. Others have ]>ropo8ed mixing the carbonate or hydroxide with tar, 
glucose, or other organic compounds.^® Lithium cannot be prej^ared by the 
reduction of the hydroxide or carbonate with carbon as is possible with the other 
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alkali metals. In F. R. Curaudau’s process! the mixture was placed in a wrought-iron 
“ mercury bottle,” the exit condensing tube dipped in rock oil. Many improve- 
ments in Cutatidau's process were introduced by H. Brunner, h. Wohler, and 
F. Donuy and J. Marcska.^® In the preparation of the element by the action of 
carbon on potassium carbonate at a high temp. : K20O3“f“2C^2K+3CO, if 

the vapour of the potassium be not rapidly cooled, a black explosive comj)ound 
with the (tarbon monoxide is said to be formed—potassium carbonyl, possibly 
K.3(C0)2, that is, K—CO— CO- K. Until cheap electric energy was available, 
IL St. C. Deville's moditication of this pocess was employed. lie obtained 
sodium by strongly heating an intimate mixture of sodium carbonate, coal, and 
chalk ill an iron retort, and condensing the volatilized metal. H. St. (k Devil Je 
required considerable quantities of sodium for use in his process for aluminium ; 
and his works at Salinilres (France) were tlie means of reducing the cost of a kilo- 
gram of sodium from 2000 francs in 1855 to 10 francs in 1850. Other reducing 
agents were proposed" -for example, H. Y. Castner (1888) used iron carbide — Fe{\,. 
(\alciuui cari)ide, CaCo, has also been used for the same purpose : (UvOII-f-i^Cat'o 
- -GK+2C‘a()-{-lCO-i-fiH.2. The Chcin. Fa hr. Griesheim-Elektron also patented a 
process for reducing sodium or potassium fluoride, or fluosilicate, with or without 
cryolite, by means of (*alcium carbide. 

Reduction of alkali salts by the metals. — Soon after Davy’s discovery of the 
alkali metals. J. L. (ray Lussac and ]j. J. Thenard (1808) prepared potassium by 
heating metallic iron with potassium carlionate or hydroxide at a white heat : 
4K0H4-dFe^-Fe304-|-2H2H-4K. The vapour of the liberated potassium was con- 
densed in a copper receiver containing rock oil to prevent the oxidation of the metal. 
In 1872, C. K. Dolbear proposed to reduce the suljdiide witli iron filings. Lithium 
cannot be prepared by reduction with iron as in the case of ])otassium or sodium. 
8orliiim chloride mixed with powdered had heated red hot in a closed retort giv(‘s 
metallic sodium : 2Na(Jl+Pb=^PbCl2+2Na. By heating the alkali cLlorid<‘s 
with metallic, in an exhausted hard glass tube, potassium, ciesium, and 

rubidium have been prepared. The reaction commences between and 
and the heat developed volatilizes the alkali metal wliich can then l)e driv(*u into 
the cooler part of the tul)e and sealed off. Lithium could not be so obtained liecause 
it furnishes an alloy containing 3 or 4. per cent, of calcium, and from which the latter 
metal ca?mot bo readily separated. All the c.Jiloridcs of the alkali metals are 
incom])letely reduced t(j metals when hc‘ated with inmfurHhnn. d'ho liv'd roxides or 
carbonates of the alkali metals — excepting c;esium — ai c reduced ]>y heating a mixture 
of one mol. of the carbonate with three gram-atoms of magnesium. TJie reduction 
is effected in an iron tube previously deoxidized by heating it with a stream of 
hydrogen passing along tfte iaterior. The reduction is loss violent, the higher the 
at. wt. of the element. The reaction with lithium [woi’ceds with ox[)Iosive violence, 
and the metal is volatilized ; with potassium and rubidium, the reaction ])rocccds 
quickly without any marked volatilization of the metal, although with poiassium 
there is a risk of forming the explosive carbonyl which is eliminated by using the 
hydroxide. Td lessen the violence of tlie reaction, (h Winkler recommended adding 
about 40 p(‘r of magnesia. With alamininni metal in jdace (»f magnesium, some 
alkali almninate is forincrl, and the yield is considerably red uccal. N. N. Bekebdf-® 
prepared poOi.ssium, rubidium, and caesium metals in this manner. The (.'hem. 
Kabr. (b'iesheim-Elektron patented a method in which a mixture of aluminium 
with potassium flm)ride or fluosilicate was heated in an iron retort. 
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§ 7. The Properties of the Alkali Metals 

Tlie pi\)})eities of the alkali metals and of their salts are roughly functions of the 
at. \\t. of the metals. There is generally a break in the curve about potassium so 
that lithium and sodium form one series, and potassium, rubidium, and ca'sium 
another. The ]>ro|»ert.ies of the series, K, Kb, Cs generally change more regularly 
than the scries Li, Na, K, although some irregularities do occur — e.(f. the m.p. 
of the nitratcvs. 

The alkali metals are all silvery white ; these metals frequently have a yellow 
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tinge particularly when reduced from their chlorides by calcium. The colour is 
due to the presence of impurities, in this case nitrogen, not oxgyen, derived from 
the air.i A. W. Hull ^ found that the X-ray spectrum of sodium and of lithium 
gave spacings characteristic of a centre-faced cubic lattice with 2 03, that is, two 
atoms per elementary cube. 

The five metals are all lustrous, and they tarnish at once on exposure to air 
owing to the formation of a surface film of oxide. Lithium changes the most 
slowly, caesium the most quickly. The metals are therefore preserved in well- 
stoppered vessels, or immersed in a liquid containing little or no oxygen — e.q. water- 
free ether, naphtha, or petroleum. In order to obtain the silvery- white sodium, 
etc,, the metal is distilled in a stream of hydrogen, and the glass tube immediately 
sealed, M. Rosenfeld 3 recommends cleaning the crusted alkali metal by immersing 
it in a mixture of arnyl alcohol with three parts of petroleum and rubbing it with 
a rag soaked in the same mixture until the surface has become silvery-white ; tlie 
metal is then placed in petroleum containing 5 per cent, of arnyl alcohol, washed 
in petroleum, and finally preserved in a soln, of petroleum witli 0 5 to 1*0 per cent, 
of amyl alcohol. W. Vaubol says that sodium can be kept a long time in vaseline 
without forming a surface crust. The metal retains its lustre under petroleum 
only when no oxygen is present. Acid products are present in petroleum, and these 
form a crust with sodium ; it is said that this can be prevented by shaking tlie 
petroleum with potash-lye, or by distilling it in a stream of hydrogen or carbon 
dioxide. 

The fractured surface of potassium shows brilliant facets. According to 
C. E Long,'* when potassium or sodium is melted in a glass tube in an atm. of coal 
gas, and the fluid portion ptuirod from the partially congealed mass, octahedral 
crystals belonging to the tetragonal system arc formed ; but, according to F. Schoedler, 
the crystals- su])lin\ate — are \isually cubes, laflonging to the cubic system. 

Crystals of sodium can be obtained ]>y sealing up the metal with hydrogen under 
reduced press, in a glass tube fitted in the •interior with some wire gauze at a con- 
striction in the middle of the tube. The sodium is molted at one end of the tube 
and filtered through the wire gauze. The tube is then sealed off at the constriction. 
The metal is melted, allowed congeal partially, and the interior liijuid j>ortion 
suddenly run away from the solid by turning the tube. According to G. S. Newth, 
a thin layer of rubidium between two plates of glass is indigo blue ; ])()taRsium 
appears b luish- violet ; lithium, dark reddish-brown ; and sodium, yellowish-browm ; 
while W. L. Dudley^ found that the va])our of potassium at its b.p. has a greenish 
colour, and at a red heat, bluish-violet ; the va])our of sodium in tliin layers appears 
colourless, in thick layers purple-red, and at higher lemp. yellow ; while the 
vapour of rubidium is blue with a greenish tinge. According to E. Linnemann, 
the oxidation of sodium at ordinary temp, is accompanied by a greenish phos- 
phorescence ; ^ and if, when the phosphorescence has ceased, the metal be heated 
to 60^ or 70°, the phosphorescence reappears. An analogous phenomenon occurs 
when sodium acts on water in darkness. The bluish-white streak winch sodium 
makes on paper shows a green phosphorescence which persists^ longer than the 
greyish- white streak made by potassium because sodium is not so rapidly oxidized 
as potassium. 

Different num])er3 have been reported for the specific gravities ^ of the alkali 
metals, presumably owing to the presence of impurities, as well as to differences of 
temp. The best representative values at 20° are as follows : 

IJthiuni. Sodhim. Pota»Hlum, Bubldium. Ctmlum, 

Sp. gt., solid (20”) . . 0-643 0-9723 0-869 1-626 1-903 

At. vol 13-1 23-7 46-6 66 0 71-0 

Expansion on melting . 1-51 2-67 2-60 1-667 1-303 per cent. 

The metals lithium, sodium, and potassium are thus lighter than water. Lithium 
is specifically lighter than any other element solid at ordinary temp. ; it floats on 
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petroleum. According to G. Vioentini and D. Omodei, eolid sodium at its m.p. 
97*8° has a sp. gr. 0*9519, and liquid sodium, 0*9287 ; solid potassium at its m.p. 
63*5°, 0*851, and liquid potassium, 0*8298. Sodium at its b.p. has a sp. gr. 0*7414 ; 
and at the temp, of liquid air 1*0066. Potassium is specifically lighter than sodium, 
and has nearly twice its at. vol. The at. vol. of caisium is larger than that of any 
known element. K, E. Slotte estimated the edge of the molecular cube of liquid 
and solid sodium and potassium to be respectively 8*7 X 10 cm. and 10*7 X 10 cm. 
It is of historical interest to note that in 1808 H. Davy determined the sp. gr. of 
sodium by finding the proportions of oil of sassafras and naphtha to be mixed to 
produce a liquid in which the metal remains suspended without sinking or floating. 
This, said W, Ostwald,, shows that H. Davy discovered the method of finding the 
sp. gr. of solids by suspension, a method attributed by J. W. Retgers to A. Dufour. 

Hardness. — The mineralogist defines hardness as the resistance which a body 
offers to the penetration of points or edges, and when one body A scratches another 
body B, then A is said to be harder than B. A series of bodies A, B, C, . . is 
arbitrarily arranged so that A scratches B, B scratches C, . . ., and not conversely. 
It is assumed that if a point or edge of A scratches a plane surface of B, then a ])oint 
or edge of B will not scratch a plane surface of A. Taking a hint from R. J. Haiiy^ 
F. Mohs devised an arbitrary scale of hardness ; talc, I ; gypsum, 2 ; calcite, 3 ; 
fluorspar, 4 ; apatite, 5 ; felspar, 6 ; quartz, 7 ; topaz, 8 ; corundum, 9 ; diamond, 
10. A hardness represented by the number 6 means tliat it can be scratched by 
bodies above it in the series, and scratch bodies of liardness below it in the series. 
H. Behrens made the scale more even and regular by using a series of alloys. 
F. Auerbach prepared fourteen samples of Jena glass of different degrees of hardness, 
and found that any one variety could be scratched by the other ; and he therefore 
showed that if resistance to scratching be accepted as a definition of hardness, then, 
of two samples of glass, that is the harder which makes the deeper scratch on the 
other, when the test is made under like conditions. 

E. Winkler, F. (rrashof, H. Hertz,® etc-., have studied the stresses which are set 
up when two elastic isotropic bodies are in contact ov(?r a ])ortion of their surface, 
when the surfaces of contact are perfectly smooth, and whem the press, exerted be- 
tween the surfaces is normal to the plane of contact. H. Hertz showed that there is 
a definite point in such a surface representing the. hardness defined as the strength 
of a ])ody relative to the kind of deformation which corresponds to contact with a 
circular surface of press. ; and that the hardues.s of a body m.ay be measured by the 
normal press, per unit area which must act at the centre of a circular surface of 
])ress. in order that in some point of the body tlie stress may first reach the limit 
consistent with perfect elasticity. If H be the hardness of a l)ody in contact with 
another body of a greater hardness than //, then for a circular “ surface of pressure ” 
of diameter d ; press, p \ radius of curvature of the line /> ; and the modulus 
of penetration 


H 


6 p 


or 



The resistance to penetration defined in this sense is called by F. Auerbach the 
absolute hardness of a body, and he has designed an apparatus for measuring this 
property. 

While hardness may be regarded as the resistance which a body offers to pene- 
tration, the resistance is largely determined by the nature of the applied stress. 
There is the resistance which a body offers to the abrasion of, say, a sand-blast ; tlie 
resistance it offers to a press. ; the resistance it offers to a cutting tool ; resistance 
to deformation, etc. Accordingly, there is a scratching hardness, an abrasion 
hardness, a cutting hardness, an elastic hardness, a tensile hardness, etc. The 
usual tests of hardness are static in character, but with kinetic tests, the ])enetrating 
body is moving with an arbitrarily assigned speed. As a result, numerous definitions 
of hardness have been proposed, and numerous instruments have been designed 
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for measuring hardness — e.g. Turner’s and A . Martens’ scleroinetcrB; ^ A . i . Shore s 
scleroscope ; J. A. BrincUs indentation test: W. J. Keeps drill test, etc. In 
T. Turner’s instrument the load required to make a pointed diamond cut a sci’atcli 
of given width is measured ; in A. Martens’ instrument, the width of the serateli 
with a definite load is measured ; in J. A. JBrinell s aj)paratus, a hard steel )>all 
(say 10 mm, diam.) is forced into the smooth surface to be t(‘sted, and the de])th of 
the indentation measured; the quotient obtained by dividing the }>res'<. in k.grm. 
by the spherical area of the cavity in sq. mm. is taken as a measure of the liard- 
ness. P. Ludw'ik insed a steel cone in ])lac<» of J. A. Brinell s ball. Aeconling 1<> 
X. S. Kurnakoff and S. F. Scheiutschuschny, Brineirs hardness number is really 
a measure of the plasticity of a metal. A. F. Shore's scleroscope m(‘asun\s lh(‘ 
rehound of a hard bo<ly dropped fri)m a given heiglit on to tlie surface to be tested, 
T. A. Jagger and JI. C. Boynton used a drill with a diamond point, and \\ . J. Kee})’s 
hardness-testing machine measures the number of revolutions retpiired to make 
a drill with a definite load cut a hole to a definite depth. A. Kiirth, K. P. Devries 
and A. F. Shore, and R. (Tuillery measure liardness in terjus of the tensile strength 
or the lower elastic limit of a m<*tal. for, as (\ Karmarsch showed, the harder a metal 
the greater its tensile strength. 

Just as tl\e press, of a gas, at a given tem]>., is proportional to the number of mols. 
in unit spaee, so, with a homogeneous st>lid, it might be assumed that the n'sistam-e 
it (^flVrs penetration 1)V another body will increase as iln^ nnmb(*r of atoms in nnit 
volume increa.ses. and accordingly, S. Bottone was led to ])ostulMtc that hardness 
varies inversely as the at. vol. ; and it is found generally that soft metals have a 
large at., vol. and liard metals a small at. vol. For examjde, with S. lh)ttone’s 
scab* of luirdru^ss : 


Hard metab. 



At. vol. 

If. 

Ni . 

(] 7 

1410 

Co . 

G*9 ' 

1450 

Mu . 

6*9 1 

145(1 

Ff^ 

7 2 ' 

1 1375 

Cu . 

7’2 

! IStlO 

Cr . 

7-7 

1 


.iiciaiH oi iiKMiiuin 
hardfiP-^s. 



At. vol. 

11. 

Ir . 

H-G 

984 

IM . 

S-9 

1200 

/n . 

9*1 

1077 

Ft . 

91 

1107 

Au- 

10-2 

979 

Ag . 

• 10*2 

990 



Soft imitftls. 



At. vol. 

H. 

A1 . 

lO’G 

821 

Cd . 

12 '9 

7GU 

Mg. 

IS’K 

72G 

Sn . 

IGl 

Gol 

Th . 

I7:i 

.505 

Pd . 

18J 

.570 


V('ry rtoft 



Al . vol. , 

H. 

\a . 

2:1 7 

400 

K . 

UrX 

230 

Kb . 

55 ‘S 


Cs . 

710 

- 

(,’a 

:]G-G 

405 

Sr . 

:i5i 

— 


Allowing for variations in tlic hardiie.ss due to impur 
hardness measures the resistance otiered by the mols. 
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do 150 

Atomic weights 

Fio. 10. — reriodic Curve ahowin^^ the relation between 
the Hardness and Atomic Weight of the t:iomeni.s. 

a periodic character like the at. wt.-at vol. curve ; 
case by J. R. Rydberg, in the curve illustrated in 


ities, it therefore ap]M‘ars that 
of a substance to their sejiara- 
tion by the penetration of 
another substance. (1. A. 
Kenngott, A. Schraiif, C. Bene- 
dicks, ami J. li. C. Schroedtu' 
van d(T Kolk have also fried 
to establish emj>irieal relations 
between hardness and other 
])l)ysiea] profierties of the 
elements. It follows that if 
hardness varies inversely as 
the at. vol.- or atojn cone.- - 
the curve obtained by plotting 
the hardness of the elements 
against the at. wt. will exhibit 
and this was shown to be the 
Fig. 10. C. A. Edwards also 
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found the hardnens of the eolid elements to be a periodic function of the at. wi.; 
and that while there is a close connection between the hardness and at. vol. cm*ves 
there is an even closer parallelism between the hardness and absolute m.p. curves. 
Practically, all the changes in the m.i). curves are reflected by corresponding changes 
in the hardness. 

The hardness of a metal is greatly influenced by the presence of small amounts 
of other elements. N. y. KurnakofI and S. F. Schcintschuschny have shown that 
when two metals unite to form a solid soln. there is a continuous series of mixed 
crystals, the curve of hardness is a continuous one which passes through a maximum, 
and this point of maximimi hardness generally corresponds with that of minimum 
electrical conductivity. When the metals foriii alloys which solidify as a mechanical 
mixture of two components the hardness curve is approximately a straight line. 
When the metals form only a limited series of mixed crystals the curve of hardness 
is a combination of the two forms previously meaitioncd ; while, lastly, if the two 
metals form a definite chemical compound this may })e either hardctr or softer than 
the constituents. Again, in passing from either eial of a series of solid solus, towards 
the centre of the series, it will be found that the hardiu^ss, the limit of elasticity, 
and the tensile strength increase, but the ductility (as measured by the extension 
and the reduction of area) and the electrical conductivity det-n^asc. The m.p. 
usually clianges fairly regularly throughout the series. 4'he facts are i!lustrate<l 
diagrammatically in Fig. 11. A. Kurth 
silo wed that with the non-ferrous 
metals — copper, silver, nickel, alu- 
minium, zinc, and tin — the hardness 
decireased as the temp, rose, but with 
annealed steels — to 0*75 per cent, 
r arbon— the hardness decreased as the 
temp, rose to 150"" ; increased a little 
fr(»m 150*^ to 250^^ ; and decreased 
b<*tvvcen 250^ and 500°. C. A. Edwards 
gave 0*07 for Brinelfs hardness of 
sodium, and0’04 for that of potassium. 

Sodium at 50° is soft, and at 
ordinary temp, it may he squeezed 
with the fingers, at 0° it is very ductile, 
and at —20° it is hard.^^ Lithium is 
harder than sodium or potassium, but it can be scratched by lead, drawn into wire, 
or rolled into thin plates. Potassium is harder than sodium, but it can be scratched 
by litliium, lead, calcium, and strontium. Ca3sium is one of the softest of metals, 
rubidium comes next ; at — 10° rubidium is as soft as beeswax. N. Slatowratsky and 
tr. Taminann tried to find if crystals of potassium and sodium soften in the 
ncighl>ourhood of their m.p. by heating them under a load near their m.]>. Under a 
press, of 27*5 kilograms per sq. cm. the depression 2° below the m.p. was 4H units for 
potassium and fit) units for sodium; 5° below the m.p. the depression was respec- 
tively 8*3 and 3(5 ; 10°, 7*7 and 24 units ; and 15°, 7 and 18 units. C. A. Edwards 
gives 0 07 and () ()37 respectively for the Brinelfs hardness numbers of sodium and 
potassium. According to J. R. RydbergA^ the relative hardness of the alkali 
metals at ordinary temp, is indicated in the following table, whicli also includes 
T. W. Richards' values at 20° for the average compressibilities, j3, of the alkali 
metals for press, between 100 and 5(X) megabars. The values of j3 rt'prosent the 
average fractional changes of vol. caused by one megabar j)rcss. between 100 and 
5(){) megabars referred to the volume Vq of the uncompressed substance - 
Mercury, the standard of reference, has p=0'0000050b megabars at 20°. 

Lithium. Sodium. Potassium. Rubidium. Cjpsium. 

Relative hardness . .0*6 0*4 0*5 0*3 0*2 

Compressibility, 8 . . 0 000009 0 0000166 0 0000317 0 000040 0 00000 1 



Fio. 11. — Relation between Hardness and 
other Physical Properties of Solid Soliit ions 
(Diagrammatic ). 
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The comptessibiUiy of csdsium is veiy high, uud appears to bo coiwected vvith the 
high at. voJ. of this clemeiit. The chaiige of volume of potassium at atm, press, 
is 0*02680 c.c. per grm., and of sodium, 0 02787 ; at 1000 kilogrm. per sq. cpi. press., 
0*02368 c.c. for potassium and 0*02555 c.c. for sodium ; at (XXX) kilogrm. per sq. cm. 
press., 0-01347 c.c. for potassium and 0*01873 for sodium ; at 12, (XX) kilogrm. per 
sq. cm. press., 0’CX>642 for potassium and 0*01308 for sodium. The surface tension 
of molten sodium in an atm. of carbon dioxide and at a temp, slightly above its 
m.p. is 25*75 mgnu. per mm. according to G. Quincke, and 27*23 mgrm. per mm. 
according to E. 13. Hagen. The surface tension of sodium at 90^ in an atm. of carbon 
dioxide is 293*6 dynes per cm. ; and of potassium, at 62^, 411*5 dynes per cm. 
The sp. cohesion~a-=^2a/*8. where denotes the sp. gr. of water and a the surface 
tension — is 04*4 per 8(]. mm. for sodium and 101*1 for potassium. M. von Wogau 
found the rates of diffusion of tJie alkali metals in 0*1 per cent, mercury amalgams 
are : lithium at 8 2", jt=~-0’G6 ; sodium at U*G\ A*=0*64 ; potassium at 10*5, ^=^0*53 ; 
rubidium at 7*3"^, A* =0*40 ; caesium at 7*3"^, t=^0*45, where k denotes the quantity 
of substance (mol. per litre) which passes per sq. cm. between two planes 1 cm. 
apart with unit difference in cone, on the two planes, per day. W. W enz found 
the velocity of sound in the vapour of potassium at 850 ’ t<) be 052 metres per sec. 

The melting points of the metals, rej)orted by diflerent investigators, vary 
somewhat owing probably to differences in tlie purity of the specimens used for 
the determination. The best representative values arc indicated in Table 111. 
xVccording to P. W. Bridgman, the effect of press, in kgrm. per sq. cm. (1 atm. 
=1*033 kgrm. per sq. cm.) on tlie m.p. 0 of potassium and sodium is as follows : — 


Press. 


Na 

K 


f ^ 

\ dd 

I ^ 

\ dd 


1 1000 2000 4000 0000 8000 10000 12000 
. 97*6^ lOO^"* 129*1^ 1420'" 1550® 100*0® 177-2® 

. 80® 81® 7-4® 6-7® 0*2® 6*8® 6'3® 

. 02*5® 78*7® 92*4® 115*8® 135*4^ 152*2® 100*7® 179*5® 

. 16*2® 13*7® 11*7® 9*8® 8*1® 7*2® 0*4® 


According to G. Tammann. the m.p., 0°, of potassium is 59T>-*t 0*tU40p 
+0‘(XXXK)07p-. Tlie ebanges in volume of the licpikl drJd'T and of the solid, ilrjdf 
at the m.p. are respectively 0’(XH)299 and 0*(XXj210 fur sodium, and ()‘(X;<)30n and 
0*0(Xi276 for potassium, P, W. Bridgman found the effect of press., p, in kgrnis. 
per sq. cm., on the m.p,, 0""^ of lithium to be 


P • . 0 1000 3000 6000 7000 8000 

. . 178*4® 182*1® 188 8® 194*0® 199*4^ 201 0® 


The results are thus characteristic of a licjuid wdiieh contracts on freezing ; and 
the mean value of the incTease in vul. on melting is (3*006. The boiling points of the 
elements also vary considerably. The best representative values are indicated in 
Table III. Lithium volatilizes at a bright red heat. According to A. Gebhardt, 
the vapour pressure of sodium at 


380 ® 420 ® 480 '^ 

Vap. i>res3. , 1*2 2*0 0*1 


520 ® 640 ® 650 ® 660 ' 670 ® 

12*4 18 6 23*0 32*2 80*2 mm. 


and, according to P. Krafft and ]j, Bergfeld, sodium boils in the vacuum of the 
cathode light at about 140'^^', and potassium at about 90"^. 6. Bartha gave for the 

b.p. of the metals in the cathode light : 575‘^, lithium ; 420^, sodium ; 370^, potas- 
sium ; 355\ rubidium; and 315'^, caesium. A. Kroner calculated the vapour 
pressure of lithium to be 


T i 

630’ 

731® 

766® 

709® 

807® 

000® 

1000® 


. 006 

0*00 

1-0 

J-7 

3 7 

6*6 

760 mm. 

A. Kroncir 

gave for potassium and 

caesium 






240 *5® 

288*0® 

327*2® 

336*0® 

856*6® 

881*6’ 

808 6® 

i_^8 . 

. 0-31 

1*34 

3*61 

4*49 

0 05 


15*8S (397") 

Jv . 

. 0 05 

0*21 

0*73 

0 96 

1 51 

284 

4-01 



THE ALKALI METALS 457 

The value for caesium at 397^ is by L Hackspill^ who also obtained values for 
sodium^ potassium, caesimu, and rubidium, and for the latter he gave 

^ 250 ’ 292 ’ 305 ’ 330 " 340 ’ 353 ’ 306 

Rb • * 0 06 0'98 1*46 2*60 3*29 ' 4 25 

The latent heat of fusion per gram is indicated in Table HI along with the 
best representative values for the m.p. and b.p. E. Orifliths found the latent heat 
of fusion of sodium to be 27*1 cals, per gram ; I. litaka gives 2*60. A. Thum gave 
32*81 grm. cals, for lithium. E. liengade gave for the heat of fusion of sodium 
27*21 ; potassium, 14*67 ; rubidium, 6*144 ; and caesium, 3*766. Trouton’s ratios 
of the atomic heat of fusion to the absolute m.p. are respectively 1*69, 1*70, 1*68, 

Tabue hi. — Heat Constants for ti£K Alkau Mktajls. 


1 

j 

lithluiu. 

Sodium. 

. Potassium. 

) 

nubldium. 

; Cjeslum. 

M.p. . , 1 

180® 

97*6° 

I 63 •.'*1® 

SO'" 

’ 2K-.5° 

B.p. . . 1 

Heat of fusion * 

-fl400® 

877-5® 

: 759® 

«««“ 

; 670^ 

per grm. . | 

At. ht. of ; 

‘ — 1 

27-21 

14-67 

6- 144 

.^•706 Cals. 

fusion . ! 

0*941 

0-9811 

0-1728 

008U2 

1 0 0022 

Entropy at 26® i 

! 

7-6 j 

12-2 

19-7 




and 1*66. P. W. Bridgman found the latent heat of potassium changed from 5*51 
kilogrammetres per gram to 5*81 at 1000 kilogrms. per scj. cm., while the corre- 
sponding values for sodium changed from 12*90 to 12*46 ; there is a maximum of 
6*22 with potassium at 4000 kilogrm. per sq. era. press,, and a minimum of 11*93 
with sodium at the same press. ; the value for potassium at 12,000 kik)grms. per sq. 
cm. press, is 4*83, and with sodium 12*72 kilogrammetres })er grm. The specific 
heate are indicated below. The sp. ht. of sodium from 

— 191® to ~83® -79*5® to 17® 0® to 20® to 56*5 to 78® to 97 ()3® to 100® to 157® 

0-2433 0-2830 02970 0*3071 0-3191 0 3290 03330 03330 

and for potassium from 

-101® to -~80® -78*5® to 0® 0® to 22-3® to 50-5® to 62*04® to 78® to 100® to 157® 

0-1568 0-1662 0 1876 0*1922 0*1980 0*2137 0*2170 0-2245 

The sp. ht. of rubidium between 20'’ and 35'’ is 0*07923, and of cinsiuni from 0'^ to 
26*^, 0*04817. li. Lammers value for lithium at the m.p. (193'^) is 1*3; and for 
sodium at the m.p. (100°) is 0*35. E. D. Eastman and W. II. Rodebush’s value 
for the atomic heats of sodium at the absolute temp. T is 


T® K. 

. 64-6® 

71-1® 

84*6® 

166-8® 

181-7® 

234-7® 

293*5® 

Op 

4-62 

4-77 

6*08 

6*02 

6-15 

6-43 

6-79 


4*47 

4-71 

6-00 

6-82 

5-91 

6-07 

G-29 

similarly for potassium 







2 ® I^. 

. 68-6® 

76-0® 

87*0® 

101-8® 

119-3® 

199-5® 

286-7® 

Cp 

5*70 

6*78 

6*96 

6-06 

6 23 

0*72 

7-JO 

Cv . 

5-69 

5*70 

5*86 

5-95 

6-07 

6*37 

6-52 


For each metal, therefore, the at. ht. rises well above the normal value 6. 
For potassium at the m.p. L. Protz gave for the atomic heat of the solid 
and C„=7'26 ; and of tlie liquid, (7p=7*96, and C\,=7*25 ; similarly, E. Griffiths 
gave for solid sodium Cp=-7*49, and Cv=6*71 ; and for liquid sodium, Cj>=7*43. 
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and C*'=6-61. P. Giinther measured the sp. Jit. of sodium between —186® and 
— 149®, and found the results agreed with those calculated by P. Debye’s formula 
on tJie assumption that 125. A. .Bernini measured tlie sp. Jit. of sodium 
and potassium ; and A. Tlium tliat of sodium and of lithium. The latter gave for 
sodium 0*1743 at —273®, and 0*3369 at 150®. E. Rengade gave for Uie sp. Jit. of 
solid sodium 0*281 l+()'C^(^fJ2330 and for the liquid 0*330 at 98® ; for solid potassium, 
0'l7284-0*(X)0142d, and for the liquid 0* 1422 -f 0*0006680 ; for solid rubidium, 
O*O8a2+O*OOO1530, and for the liquid 0*092 +O OOO66S0 ; and for solid ciesium, 
0*0522 +0*0001 370, and for the liquid 0*0604 -0*0000340. J. Dewar found tliat 
between the b.p. of hydrogen and nitrogen — about 223®, or 50® I\., 


Lithium. 

Sodium. 

PotusHiiim. 

Kiibidiiim. 

(’ji'rtlum. 

01924 

01519 

01 280 

0 0711 

0-0513 

1^5 

3*50 

5 01 

6*06 

GS2 


R. Lammel found the at. hi. of litliiuiu rises to 9*45 ut the m.j). 193' ; and tliat of 
sodium to 8*23 at its m.p. The. at. Jit. of sodium rises from 6*5 at (T to 7*5 at 96® 
— tlic tlieoretieal limiting valm* at constant volume is nearly 6. wliich is lower tlian 
the value calculated from the formula -a-Tc//?. I. I it aka gives for tlie 

sp. ht. of Solid sodium at its m.j). 0*330. and of the liijuid at the same, temp., 0*347, 
and the respective at. iits. are 7*59 and 7*98. A. Joannis gives for the sj). ht. of 
solid potassium 0‘16(i, and of the liquid 0*25. W. Xeriist ol»tain(‘d the relation 
wliere ( 2 respectively denote tlie mol. ht. of licjuid and solid 

at the m.p., the absolute temp, of the m.[)., and Q, tlie Jaffuit lieat of fusion. 
1. litaka found the relation is not. good \\itli the metals bismuth, tin, menuu}', 
zinc, le.ad, and sodium, and also with sulphur for the (juotients are resjiectively 
4*71, 3*15, 2*10, 2*19, 1*19, l'6l, and 1*08. A. Thum gave for lithium, 




•273 


200'' 

—100’ 

50’ 

0 

.50 ' 

150’ 

180' 

Sp, 

bt. 

0-53(»3 

()• 

5890 

O'GSOO 

0-731O 

0-7854 

0-8425 

0-9658 

1 0055 

At. 

ht. 

. 3-7121 

4 

1 230 

4-7663 

5-1205 

5-4978 

5-8971 

6-7006 

7 0385 

At. 

ht. 

. (0-90S(>) 

(2* 

5837) 

(4-1965) 

(4 8755) 

(5-5657) 

(0-3'MI) 

(8-4539) 

(0-31(.;i 


The numbers in brackets are liy R. Lammel. The sp. ht. of lithium is the largest 
of that of all the elements. R. Liiminel represents the sp. ht. of lithium at 

0® bv the expressu)!! O'795l-fO*(K)2O6.320‘l 
/ ‘"l - n — r - r : ■ 1” O (XKX)()25(180-' I O-(KHiOO 1M)M2O703. observed 

' j ’ ; ' values arc 0'3693 at — 200®: 0 5997 at -KX)® ; 

; i I 0*(>9r0 at — 50®; 0*7951 at 0®; 09ix;3 at 50®; 

^ ~ - I - ; I 'OlOT at l(K+ ; and 1*37 15 jit 190' , so tliat the sp. 

' ' i ht,<‘urvesh(>wsasliglitl urriing-point at about — 00^, 

I ' i I j ~ j Fig. 12, possibly corresponding with a change from 

j I ’ I i ^ allotropic form a-lithium to another form 

-^00^- '-wo o' ' w” 'foo'- /3-lithium. Tlie sp. lit. of sodium w^as found by 
rcmpemt;ure5 p. 

increase with l<unp,, Imt its absolute 
Fiu. 12.-— Specific Heat of Lithium value at any given temp, depends on the previous 
atdiitcrcnt J emporatures. thermal treatment of the nndal. At temp, below 

about 60®, the sj). Jit. is grealcr when eooltKi by 
quenching than when annealt»d. 'the sp. ht. of liquid sodium varies wdth temp, such 
tliat the temp, coelf. is— -0'(i(Xi3 l per degree ; 1. litaka found very little variation in 
the at. ht. of solid a rid liquid at the m.p. Hence, E. Culien and G. de Bruin argue that 
under ordinary conditions two allotropic modifications- a-sodium and j3-sodium 
- are present in proportions dependent ujion its jirovious ilieniial treatment. The 
transition point not yet detennined lies between 0® and 90® — jiossibly it is near 
7 o . Dibitometib; measurements show that the high temji. /3-form lias the. lower 
density ; and sinc.e the rapidly quenched metal melts more quickly tJian tlie slowly 
cooled metal, it is inferred that tlie chixnge from the a- to the j8-form is attended 
by the volution of heat. Similar observations show there are two allotropic 
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forms of potassiuju — a-potassium and /S-potassium — with a transition point in the 
neiglibourhood of 59‘7°. W. Holt and W. E. Sims found that potassium is ductile 
and soft at 54'5°, but it becomes quite brittle and has a conchoidal fracture at 

Tlie best representative values of the varied measurements of the coefficients 
of cubical expansion of the five alkali metals are ; 

Uthlum. Sodium. Potassimn. lliibldliim. Ciesium. 

0000190 0000274 0OO02S3 00003:18 00003:18 

The coeif. of expansion of st»diiLm betwet^n (>"' and 95' is uniform and proportional 
to the temp., and the coeff. is greater for the liquid than for the solid. According 
to A. Bernini and (J. Cantoni, unit volume of the metal at 0^ occupies v volumes 
at 0^", when y=~l-ba0+i302. q'he values of the constants for the liquid and solid 
metals are indicated in Table IV. A. Thumbs value for lithium is 

Tablk IV.- — Coeff. of TiiKiiMAn Expansion of the AnK.AT.i Metals. 


! 

t 

'I'emp. interval. 


, ^ 

Lithium — soli<l . . . j 


O-OOU 1.535 

liquid 

1 82’ -2:J5° 

0(W01743 

Sodium — solid . , . , 

(>■’-78’ 

OOOOISIO 

liquid 

] 00’- 235’ 

0 '000259!) 

Potassium- — solid 

0’-56’ 

(>•0002112 

. . 1 

78’-236’ 

0 '0002681 


/3 


0*000000092 
0 000000 106 
0 000000280 
0*000000286 
0'000000!65 
0 0000002 10 


Potassium and sodium are good conductors of heat.**^’* If the conductivity of 
silver be unity, that of sodium is 0*365. J. \\\ llornbeck found the temp, coeff. 
of the thf^nnal (‘onductivity of potassium or sodium falls with rise of temp. The 
alkali metals are also good eoiKluctor.s of electrieity ; for example, the conductivity 
of sodium for heat and electric, ity is exceeded only b)* silver, copper, and gold. 
Acconling to K. V. Nortlirup, the metals sodium, pota.ssium, mercury, tin, lead, 
and bismuth have tlic same value for the ratio of the coelf. of electrical resistance 
to the coeff. of cubical expansion at the same temp. The electrical conductivity 
of lithium is nearly ITI xUH reciprocal olims at 20'\ that is, about 20*1 per cent, 
of the (ionductivity of hard silver ; of sodium at 22‘lXlO'^ reciprocal ohms, 

that is, about 36*5 })er cent, of the value of silver. 


ho tween 


ivi( hliim. 

StKllum. 

rotas.-siuiu. 

RuMtliiiin, 

Cfipslum. 

- 1 78^ and - 

190^ 

74 Ox 10* 

125 X 10* 

510 X 10* 

40 X 10* 

191 X 10* 

-178’ and - 

78*3^ 

18-5 X 10* 

35x10* 

23-3 X 10* 

15'9y 10* 

7-Sx 10* 

0’ 


11-7x10* 

22-3 X 10* 

14-3x10* 

S'OxlO* 

6-18x10* 


The- value for solid lithium is 7*88 xlO**, and for the liquid 2*21 XlO^ at 230°. Solid 
sodium 18*8X10-^ at 50° ; 9*8xl0‘ at 116° ; and 11*12 XKH at 120° for the liquid. 
Solid ]u)taasium 11*6 X lO'* at 50° ; 6*29 X for the liquid at 100°. Solid rubhlium 
8-31 X 10*^ at 18°; 5*10x104 for the liquid at 40°, and 4*78 XlO^ at 43°. Solid 
cicsium 4*71 XlO^ at 19*3° ; 2*73x104 for the liquid at 30° ; and 2*7()Xl04 at 37°. 
The electrical resistance of solid lithium at a temp. 0° between 0° and 177‘8 ' is 
y«?o(l fO*(X)45680) and for the liquid between 177*8° and 230°, J?(i-f(rOO27290), 
when R is the elce,irical resistance in ohms at 0°; for sodium from 0° to 97*3°, 
2?(i [-0*0043860), and from 98*5° to 120°, J?(l-|-O“(X)33280) ; for solid ])otassiiim 
from 0° to 61°, /?(l-4 0*005810), and for the liquid from 62*5° to 130°, .R(1’|'O*()O41840). 
A Mattliiessen’s value for the ratio of the resistance of liquid : solid is 1*35 for 
sodium, and 1*36 for potassium. J. W. Horiibeck found that the temp, coeff. of 
the resistance of potassium and sodium are high ; and that the ratio of the thermal 
to the electrical conductivity is exceptionally high. B. Oudden and H . Pohl measured 
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the electrical conductivity of phosphorescent sodium under a field strength of 
16;.(XX) volts per cm. With lithium for press., p, in kgrma, per sq, cm., the elec- 
trical resistance is as follows — the liquid state is indicated by an asterisk : 


p 


0 

1000 

3000 

5000 

7000 

9000 

12000 



. 1000 

1 -OOGO 

1-0212 

1*0360 

1*0614 

1*0675 

1 *0927 

U {50'^ . 


. 1*2122 

1'2206 

1-2379 

1*2668 

1*2746 

1*2940 

1*3246 

(100^ . 


. 1 *4580 

1-4681 

1-4889 

P6106 

1*6329 

1*6604 

1*6932 

10^ . 


. 1 0000 

0-9376 

0-8348 

0*7560 

0*6922 

0*6422 

0*6854 

NanoO'^ . 


. 2-2381* 

1 +2S7 

1 -2451 

1*1123 

1*0118 

0*9320 

0*8425 

1200° . 


. 30725* 

2-808* 

2-397* 

2002* 

1*867* 

1*670* 

1*464 

|0° . 


. M28 

0-941 

0 692 

0*564 

0*458 

0*387 

0*310 

K {95° . 


. 2*387* 

J-9U* 

0-880 

0*093 

0*664 

0*463 

0*350 

|J05° . 


. 3*040* 

2-668* 

1-863* 

1*374* 

1 050* 

0829* 

0*389 


The press, coeff. of potassium and sodium increase with rising temp, and decrease 
with rising press.; while the temp, coeff. of the resistance decrease with increasing 
press., and more so with potassium than with sodium ; with lithium, the press, 
coeff. increases with rising press., and falls w'ith rise of temp., while the temp, coeff. 
falls with increasing press. P. \V. Bridgman found the sp. resistance of liquid 
lithium to be 1 *68 times that of the solid at the m.p. (1 78*4’^) at atm. press. A. Bernini 
found 2*51 at the m.p. (177*84°) ; for sodium, A. Bernini found 1*337, E. F. Northrup, 
1*44, and P. \V, Bridgman, 1*451 ; and for potassium, A. Bernini found 1*392, 
E. Northrup, 1*53, and P. W. Bridgman, 1*56. In comparing these ratios, 
A. Matthiesen showed that errors are likely to occur in the results for the solid 
state because of the strains and of cavities formed during freezing. The thermo- 
electric force of sodium towards platinum at 1(X)° is — 0*21 millivolt ; and —0*94 
millivolt for potassium. The magnetic susceptibility 20 of potassium between 
18° and 180'^ is +U’40xlU"5 per unit mass ; for sodium, +(^*'^1 X > and for 
lithium, +0*38 XlO~®. 

The electro -affinity of lithium is smaller than that of any of the other alkali metals, 
and it exhibits a greater tendency than the other alkali metals to form complex 
salts — e,(j, the solubility of ammonia in water is raised by the addition of a lithium 
salt, which presumably unites with the ammonia; the solubility curves of the 
lithium salts in water usually show more breaks than the corj'esj)onding salts of the 
other alkali metals owing to the formation of hydrates. Potassium, ruludium, and 
iraesiuin seem to have a smaller and smaller tendency to form complex salts as 
the at. wt. of the clement increases ; otlierwise ex])ressod, the electro-allinity, or 
the ionization tendency of the alkali metals ini^reases as the at. wt. increases. 
This is illustrated by the? heats ionization. According to W. Ostwald,27 the 
heat of ionization per gram-atom is 

Lithium. Sodium. Potassium. iiubldlum. 

+«2-i) +57-4 +620 +62C 

Meaning that with sodium : Na— Na -f-r>7‘4 Cals., etc. The alkali salts are ionized 
in aq. soln., and behave generally like strong electrolytes. The ionization factor 
with soln. containing 2 per cent, of lithium chloride varies from 1-70 to 2 0 when 
determined by the lowering of the vap. press, or f.p. ; the raising of the h.}>. ; 
or by the mol. conductivity. Similar remarks apply to the salts of the alkali 
metals. K. Fajans 28 calculates the heat of hy^ation ol ions to be H’, 362 
Li', 210; Na’, 203; K', 182; Kb', 173; Cs', 174 kgrm. cal. per gram-ion. 
E. Lorenz and P. Walden found the diameters ol the ions of lithium, sodium, 
and potassium in aq. soln. to be respectively 4'52 X 10~ 8, 3 48 x 10“®, and 2 34 X 10“8 
cm., and in metliyl alcohol soln., 9'40 X 10' 8, 7 04 X 10-8, and 4'98 X lO'® cm. The 
diameters ol the atoms are respectively 2 01 X 10- 8, 2'52 X 10“8, and 314 X 10~8 cm. 

According to W. Ostwald and G. Bredig, the transport number of complex 
ions usually decreases with an increase in the number and mass of atoms forming 
the complex, but with the alkali metals, the transport numbers of the ion? at 18° 
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increase with an increase in the at. wt. of the ions. For instance, at 18“, the transport 
numbers of the ions of the alkali metals and the absolute velocity of the ionSt with 
a difference of potential of one volt per centimetre, expressed in centimetres per 
second, are indicated in the following table along with the temp, coeff. of the 
transport numbers at 18° : 

Lithium. Sodium. PotaBKlum, Rubidium. Cfleftium. 

Transport number 33*4 43*6 64*7 67*6 68*2 

Temp, coeff. . . 0*0265 0 0244 0*0217 0*0214 0*0212 

Absolute velocity . , 0*000346 0*000462 0*000680 0*000700 0*000707 

According to F. Kohlrau8ch,29 these anomalous results arc not due to the friction 
between the elementary ions and the water inols., but rather to the friction 
between the water mols. and complexes — hydrated ions. The absolute velocity of 
transport of the ions is calculated by dividing the transport numbers by 96540, the 
electric charge carried by the transported ions. Lithium salts are also strongly 
ionized in many non-aqueous solns. — e.g. methyl or ethyl alcohol. P. Lenard and 
co-workers calculate the number, w, of molecules of water combined with the ions 
in aq. soln., and, r, the radius of the ions : 



Ll* 

Na* 

K* 

Rb* 

Cs* 

n . 

. 10 

12 

7 

6 

6 

rxl0» 

. 50 

4*2 

3*1 

2*9 

2*8 cm. 

Q 

. 110 

103 

82 

78 

74 Cals. 


R. Lorenz, P. Walden, and K. Fajans and K. F. Herzfcld have also made estimates 
of the diameti'rs of these ions in aq. and non-aq. solvents. M. Born’s estimated 
values Q for the heats of hydration of the ions are indicated above. 

The electrolytic potential of lithium is —2-7 ; of sodium, —2*8 ; and of potassium, 
—3*2 volts, meaning in a normal soln. of, say. a sodium salt, the potential towards 
sodium is 2*8 volts Jess than the jKJtential of a platinum electrode sat, with hydrogen 
at atm. press., immersed in a normal acid soln. ; or the electromotive force of the 
cell Na I N — Na* | N — JI* | IT 2 Pt is 2*8 volts with sodium as cathode. These 
cells are not always realizable. 1'he electrode potential of the alkali metal in normal 
soln. against a normal calomel electrode is 3*3044 volts for lithium, 2*9981 volts 
for sodium, and 3*2084 volts for potassium. G. N. Lewis and co-workers found 
for the potential of the alkali metals against a normal calomel electrode, Li, 3*305 
volts ; Na, 2*993 volts ; K, 3*203 volts ; and Rb, 3*.‘105 volts. According to 
M. N. Saha, the ionizing potential of sodium vapour is 5 12 volts or 1*17 X 10& cals. ; 
potassium vapour, 4*318 volts or 1*00x10^ cals. ; rubidium vapour, 4*16 volts or 
0 96x10® cals. ; and cjesium vapour, 3*88 volts or 0*90x10® cals. 

A. Campetti^^ concludes from his experiments that in darkened unsaturated 
sodium vayiour, freed from the electrons emitted from the surface of the fused 
metal, ionization takes place spontaneously and that the absorption of the DAine 
is strictly related to the conductivity of the vapour. Further, when absorption is 
observed in sodium vapour below 400"^, it is probably the result of electrons from 
the surface of the fused metal, or from a photoelectric action on the atoms of 
sodium vapour. The emitting or absorbing vibrations in sodium vapour with 
respect to the Z)-line are those of positive-ion-atoms. 

R. Pohl and P. Pringsheim ^2 located a selective maximum photoelectric effect 
with four alkali metals for wave-lengths A in fJLfjL 

Lithium. Sodium. Potassium. Rubidium. 

A . . . 280 340 440 476 

K, T. Compton and O. W. Richardson, with isotropic radiation, found a maximum 
for sodium at 225/tx/x and 360/Lt/x ; and a maximum at 2c50juft for csesinm. 
R. A. Millikan and W. H. Sender found that with new surfades of lithium, sodium, 
and potassium there are definite maxima for the selective absorption about 250ft/Lt 



462 


INOEGANIC AND THEORETICAL CHEMISTRY 


for lithium; 350/x^ for sodium; and 390/x/z for potassium. H. Kiister and 
K. Fredeiiliagen, and G, Wicdmann and W. Ilallwachs believe that pure metal 
surfaces are not photo-active, J. Braun, and E. F. Seiler studied the photoelectric 
effect with sodium, potassium, rubidium, and caesium with light of different wave- 
leugth. 

S. H. Anderson and J. A. Gilbreath inferred that the vapour of potassium at 
OS'" is ioniz(id by exposure to ultra-violet light and by ordinary light because (i) if 
tlio beam of light is directed first on one electrode, then on the other, and then midway 
between the electrodes, the photoelectric currents are nearly the same ; (ii) the 
photoelectric currents decrease when the temp, of the main part of the })ulb is 
raivsed so as to drive the vapour into the cooler part of the tube ; (iii) the photo- 
elt‘ctric currents decrease when the vap. press, is decreased by lowering the temp, 
of the bulb ; and (iv) the ionization currents have approximately the same magni- 
tude when a positive or negative e.m.f. is applied. Tliese results an* not such as 
would ])e anticipated if the phenomenon were wholly due to the j)hotoolertric 
etfect of the thin iinperce})tible layer of potassium condensed on the electrodes. 
The ionization is increased if a little foreign gas be associated with tlie vapour of 
tlio metal. 

T. Svedberg prepared colloidal solus, of the alkali metals in ethyl ether, and 
he gives Table V showing the colours of coarse and line ethylethersols, as well as 

TABiaa V. — Colooks of tuk Ethkhsols oi^ Tirn Alkali Mktals. 


Metal. 


Colour of ethylethersols. 


Small particles. 


Large particles. 


C(>]<jnr of vapour. 


Litbiom 

8 odiurii 

Ru}>i(liom 

CtBsium 


Brown 
Purple -violet 
Blue 

GreeniHh-bbio 
Bluish -green 


Brown 

Blue 

Bluish-green 

Oreonish 

ClrtxMiish-blu 


Purple 
Bluish -green 
Groeninh-blue 


the eolours of the vapours. The, stability of the organosol (liiniiiis)i<'« in passing 
from sodium to c®sium. Tlie maximum absorption of colloidal so<lium, us in 
the case of gold, changes from yelluwish-grecn to red during eoagulaliuii. 

The refractive index of molten sodium for light of wave-Jengtii is O’OOdrt. 

.1. KanonnikofY '■** has <alculatod the refractive indice.s for the C-liiie, and for 
infinity, the theoretical limit of the spectrum, 7?,^. aceordiiig to Ghuistone and Dale’s 
formula : 



Lithium. 

Hoiilurn. 

J'otasMiiiiu. 

Jlul)idiuiu. 

CGE'BiUlU. 

. 

. :mg 

4’22 

7*75 

J2 04 

10 '55 


. :voo 

4 00 

7*40 

1 1 GO 

18*70 


Light is partially polarized by rclloctioji from the polished surface of a metal, 
and plane-polarized light in general becomes ciliptically polarized by rellection 
from such a surface. This was found to be due to th<? relative change in phase of 
the two conjponents, which was mca.sured in 1817 by Jamin, who thereby calcu- 
lated the index of refraction of the metal. The so-cJilled opticul comtants of a 
metal include the refractive index and the index of absorption k. The amplitude 
of a wave of light, after travelling one wave-length A, measured in the metal, 
is reduced in the ratio I ; c-2>rt a,,f| f,„. distance I, in the ratio 1 :c- 2 -r«-A. 
J’. Driide found that for lifjuid sodium, when A— O'oSO/x, the index of refraction is 
OU-I ; the index (if absorption 2'OJ ; and the reflecting ])ower, !h) per cent, 
li. W. and K . J tuncafi found that for light of wave-length fitiOO, hldO, and tri-yO/ip. 
the respective indice.s of refraction arc OOhJ. 0 052, and 0'058, and indices of 
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absorption respectively 55 0, 42*6, and 31*7 per cent. Similarly for potassiian, for 
light of wave-length 665*0, 589*3, and 472'0/Ltft, the respective indices of refrac-tion are 
0*066, 0*068, and 0*070, and the indices of absorption respectively 26*8, 22*1, 11*3 
per cent. There is a minimum in the index of refraction curve of sodium very near 
the D-line. J. B. Nathanson found for rubidium, respectively for light of wave- 
length 640*9ja/x, r)39*6/x/x, and 454*6/Li/x, the indices of refraction 0*093, 0*093, and 
0*091 ; k, 10*51, 7*97, and 5*28; and for the reflecting power, 84, 81*7, and 78*9 
per cent, for metal to glass boundary ; the reflecting powers were rather lower than 
for the metal to air boundary excepting in the case of light on small wave-lengths. 
Metallic sodium, therefore, has the lowest index of refraction and the highest reflecting 
power of any known metal. M. K . Frehafer measured the reflection and transmission 
of ultra-violet light by potassium and sodium. 

The spectra of the alkali metals are illustrated by Fig. 13. A lithium salt in 
the non-luminous gas-flame furnishes two sharply defined spectral lines, a weak 
yellow line, Li^, of wave-length 6104, and almght red line, JjL, of wave-length 6708. 
The presence of nearly a millionth of a milligram of lithium can be detected in this 
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Fi(J. 1 S.- — Spectra of Alkali INTetals (with Fraunhofer’s Lines of Solar Spectrum as Standards 

of Heferenco). 


way. In the arc spectrum whore the temp, is higher, a blue line a})pcars. There 
are also eighteen other feebler lines ; about thirteen lines ha ve also been noted 
in the ultra-violet spectrum. Lithium carbonate in a Crookes’ tulic gives a 
feeble phovsphorescent spectrum with red, orange, and blue lines. According to 
V, D. Child, sodium vapour gives a continuous spectrum when the electric discharge 
is passe(l through the liot vapour not far from its point of condensation, and with a 
small current density ; if the latter be increased, the line spectrum becomes more 
pronounced and tlie continuous spectrum less pronounced. If a condenser is in 
circuit only the line spectrum is alone produced. P. D. Foote and W. F. JMeggers 
deduce a possible structure for the caesium atom from the spectrum of the clement 
and the ionization potential. 

T, Melville noted in 1752 that sodium colours the flame of alcohol yellow, and 
A. S. l^farggraf used this as a test to distinguish sodium from potassium salts. 
With an ordinary one-[)rism spectroscope, the spectrum appears with a single 
yclh^w line corresponding with the D-line of the solar spectrum. This line really 
consists of two lines of wave-length 5896 and 5890. The emission spectrii m of sodium 
shows many other lines of feeble intensity. In a salted Bunsen's flame. [)ractically 
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If ^ 

"K .;'r...l„ of 'Jilin, chloride i, .frayed into Bonjon’s flame, W. no:, 
of » »,d" Mo a,,|»r.,tu. < he »l'™.vnt »' A. (Jony, E. fetainn and H. Limlor, 

r de W-iHeville. etc.-tbe flame shown two spectra— the bnllianfc yellow Imcs, 
and a contuvnor.s speetnim with a maximuiu m the blue, as observed by G KmchholT 
« Rimsen A Gouv etc. Under ordinary conditions, the yellow lines mask 

Z 1. tr; JiHir.hc .cltrd B„„.en'. flame. Tboro i. .ho n bl„o or blnhh- 

<vreen hiniinesconue in tlio flame saltcul with lithium or potassium chloride, as shown 
by P Lenard but it is usually masked by the more familiar ime speetnim. 'rhu 
two spectra sueiu fo be inde])endent. E. MitAscherlich showed that if siilHeieni 
ammonium elilorido. be mixed with sodium <diloride, the yellow line spectrum 
Virtually disa])pears ; and that the yellow line spectrum is not produced by sodium 
chloride in the livdrogim flame burnin«jc in chlorine; A. Smitholla confirmed thi 
observation, and showed that if o.w^mn be entirely aKsent, the yellow colour won hi 
probably disappear altnootlier. (/. Fredenhageii found that the faint continuous 
spectrum of tiie hydrogen-cliloririe llame appears to bo intenAsifiod when iSodium 
chloride is introduced therein. \V. D. Bancroft and H. B. Wekser made analogous 
observations with respect to potassium, and lithium chlorides, und they add that 
similar remarks applv^ to the <‘hloridos of the alkaline earth.s, 

W. ]). Bancroft and Ji. B. Weiser ))oint out that the blue luminescence of sodium 
is obtained without tlie yc^llow luminescence ; (i) when sodinm salts are introdutu^d 
into a flame of h} drog<*n in chlorine ; (ii) when metallic sodium burns slowly iu 
oxj'gen, chlorine, or bromim* ; (iii) when a sodium salt is ftise.d ; (iv) when cathode 
ravs act on sodium chloride ; (v) when anode rays first act on sodium chloride : 
(vij when one heats the coloured re.«.idue obtuined by tbe action of anode rays or 
ciithodc raj's on sodium chloride ; and (vii) when sodium cliloride is precipitated 
rapidly from aq. soln. with hydrochloric acid or alcohol. The yellow luminoAScenc(» 
of sodium is obtaiiu'd, acconqianied by th(5 fainter blue luminescence ; (i) when a 
sodium bSalt is introduced into the Hunsen flame ; (ii) wlieu sodium burns rapidly 
in ox}'geii, cldorine, or bromine ; and (iii) wlien canal rays act on sodium chloride. 
It is claimed that tli(‘ yellow luminescence, is obtained yvlum sodium vapour is 
heated; but it is very diJlicult to be certain that no burning take.s place under 
thcAse conditions, 

C. Frcdenhagcn attributed the yellow liiminescenCfe produced by ^sodium salts 
in Bunsen’s flame to the presence of .sodium oxide, and lie atlributc^d the aUsence 
of the yellow luminescence in (he hydrogcn-i-hlorine. flame to the absence of sodium 
oxide, W. I). Bancroft and 11. B. Weiser have shown that this hypothesis is 
probably uni enable. E. Wit‘demann and G. C. Schmidt attributed the blue 
luminescence produced by cathode rays to decomposition or recombination : 
NaCl;.P^Na +( 1 i J- A. \\ ilkinson showed that the blue hnuineseence is due to recom- 


bination and not dissociation ; and this is confirmed hy \V. D. Bancroft and 
11. B. Weiser. S. Arrliunius experiments on the electrolytic condition of the 
heated vapours of suits led him to assume that when salt is fed into a flame, sodium 
hydroxide is foniuul by^ the action of the .steam, and that the hydroxide undergoes 
ionic dissociation with the profluctioii of sodium ions. A. Schuster, P. Lenard, 
J. Stark, and others have also laid stre.ss upon the part played bv ions in flame 
reactions. W , ]>. B;incroft und H. B. W eiser add : (i) The yellow luminescence is 
due to some, stnge. in the process of dissociation ; (ii) the diminished intensity of 
the line spectnnti in the hydrogen-chlorine flame, or in the Bunsen’s flame fed with 
a little hy drogen cliloride, is due to the forcing back of the dissociation of the alkali 
salt by the Jivdiogen chloride ; (iii) the absence of the yellow luminescence when 
^sodium burns sloyvly is due to tlie wsmall intensity of tbe light when the reaction is 
slow ; and (iv) .since the reacting vsubstance is the electrically neutral vapour of 
metal in the case of the line spectrum, there is no migration under electrical 
Asirevss. Since the reacting substance is the positively charged ion of the metal in 



THE ALKALI METALS 465 

the case of the continuous spectrum, there is a migration to the cathode under 
electrical stress, as found by P. Lenard. 

The spectrum of sodium vapour has been investigated by H. B. Roscoe and 
A. Schuster.** Potassium salts colour the non-luminous gas-flame violet or bluish- 
violet, and the spectrum contains two characteristic lines : a double line K« in 
the extreme red approaching the ultra-red and very near the .4-line of the solar 
spectrum — ^these lines have a wave-length 7697 and 7663 respectively ; the other 
line Kp is near the opposite end of the spectrum in the violet, and it W u wave- 
length 4044. The emission spectrum of potassium shows many other lines of 
feebler intensity, thus, H. E. Roscoe and A. Schuster found that the absorption 
spectra of potassium and sodium show lines in the green, but referred them to the 
metallic lines of these bodies. G. D. Liveing and J. Dewar showed that the wave- 
lengths of these lines are 5610 with sodium, and 5730 with potassium, and that 
they do not coincide with any known metallic lines. W. N. Hartley has compared 
the spark and the oxy-hydrogen flame spectrum of the alkali metals. 

J. N. Lockyer heated a piece of sodium at one end of a vacuum tube, and on 
sparking he found the vapour arranged itself in layers of different colours. The 
layer nearest the metal was green, and showed green and red sodium lines without 
the yellow lines, while the layer above was yellow and .showed only the yellow lines. 
J. N. Lockyer likewise obtained the yellowish-green lines of potassium without the 
red. He also inquired whether the spectra of an element as it separates out of 
different combinations containing a different number of atonis of the element in 
question are identical or not. P. Zeomann found that the spectral lincuS of sodium 
are broadened when light from an electric arc Is sent through a heated tube con- 
taining sodium vapour when placed between the poles of an electro-magnet ; and 
A. A. Michclson showed that “ all spectral lines are tripled when the radiations 
emanate in a magnetic field.” W. N. Hartley has investigated the ultra-violet 
spectrum ; H. Becquercl the ultra-red spectrum ; E. Wiedemann and 
G. C. Schmidt the fluorescent spectrum ; U. Yoshida studied the effect of an intense 
electric field on the spectral lines of lithium ; S. Datta, the vacuum arc spectra of 
sodium and potassium. 

Rubidium salts impart to the non-luminous gas-flame rather a redder tint 
than the potassium salts. The emission spectrum of rubidium shows two character- 
istic lines in the violet Rba of wave-length 4202, and the Kb^ of wave-length 4216 ;* 
there are two others even nearer the extreme red than the red potassium lines 
named Rby of wave-length 7799 ; and Rbj of wave-length 7950. There are many 
other feebler rubidium lines. The common spcctriuu of caesium has two character- 
istic blue lines Cs„ of wave-length 4555, and Cs^ of wave-length 4593 ; there are 
lines in the red of wave-lengths 6974 and 6722, as well os many other lines. The 
limits for the recognition of the alkali metals by the visible flame and the visible 
spark spectra,*® are, in milligrams : 

Lithium. 

Flam© spectrum . , 

Spark spectrum . . 

E. Mtoclieriich and E. Pringsheini showed that no soduim lines are obtained 
^ when sodium chloride or hydroxide is heated in a porcelain tube ; but that sodium 
lines are obtained if a reducing agent be present. Hence it was inferred that free 
sodium is essential for the production of the D-^spectral line. E. Pringsheim then 
found that in the cold carbon disulphide flame no Z^-lines are emitted, but they 
are when the temp, is raised, and he concluded that sodium salts give a yellow light in 
flames at a lower temp, than when heated in an indifferent atm. ; so that the 
sodium is sot free by reduction and not by thermal dissociation. E. Pringsheim 
heated sodium in a porcelain tube and found the vapour emitted the Z)“lines, but 
he assumed that this was due to chemical action either witli traces of oxs’gen in 
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the tube or with tho fuhe itself. E. the glowing of sodun, 

vapour Is not a mere temp. emis.sion. ^ “vestigat..: 

by^M’ llittorf and W. Siemens, A. Smitho Is, J. Evershcd, etc. The goncn,i 
conclusion is that heated sodium valour, hke iodine vapour i.s probably lum, 
ne.scent The ob.verved elTeots are not o.xplamed by msistmg on thermoluiuine..ieoM. , 
or' on chcmilumimvcence, when sometimes the one and sometimes the otlm, 
is prodneed Althmmh sodium vapour may exhibit thermo uniinescenee, more m 
less of anv mveii elTeot ma\- be due to ehemilummescenec. If a .substance reman, 
entirel^• 1r.,n,sparent at the highest tern].., it will never luminesce or glow. It k 
generallv a.ssunied that the centres of vibrat ion which emit spectral lines are neg,,- 
tively cjiar^ed corpuscles electrons ; and Zeeinann's ctT.iet shows that the 7>-line, 
of sodium are prodneed by vibrators carrying negativ.i charges. If sodium vapom 
win*!! LiTiik^s tip into hirniillor aii^rciititos or loso.s oJtxtroiis, then, js Ijuii 

cToft has emphnsiyeci, liav<* clioiiih'al reactions in the broader sruso of tho word, 
and these may or iiia^' not rise lo liaht, siiico it is probable that all ioactioir> 
omit liaht when the reaction velocity i^ suilieientJy hii^h. 

:R. \V. Wood has drawn at ten! ion to a. deep violet light. i)roduced by suspended 
paxiicle.s during the condensation of sodium vapour : the colour of the light Iraiis- 
mitted through the sodium vapour is det*p yellow instead of blue, as usually obtained. 
It M'iis dithcidt to understand this at first, since tJie vapour is pi^rfectly transparent 

to blue light, and soiut‘\vhat. lo^s so to 



Fig. 14. — Spectral Line.s x»f the Alkali 
Aletals dissected into Principal and 
Associated Serif's. 


yellow -green light. The elfetg was finally 
traced to a .sca(t«'ring of the viohd. and 
blue rays by the fog of condensing vajicur. 

In the. searcli for laws analogous with 
Jhdmer s law of th(‘ vibration fre(|iiemie-< 
of (hr spectral Jiin‘s of h \ drogen, If. Kayser 
aj)d (*. Rungc*^^ found that the (v;s(?iifial 
property of sucli spectra is not a simpl(‘ 
mimerieal relation betwctai the vibration 
freipiencies, but. ratinu* is t lie apjiarently 
chaotic spectrum of an element, resolvable 
into a number of siijierimposed regular 
series of liiu\s. 'riie speetnim of lithium, 
for examph', is comiiounded of the four 
series ot liu(‘s shown in Kig. .1 \ . The lines in 


each of these series can be re]iresented by a formula of the tyja.? A ^ ca ^ 

where u, fc, and c are constants, and n is an integer; Balmer's formula for hydrog<‘n 
is a special case of this expressiGu. One serie.s is regardf'd a-s the pruiciffal srrieS} 
or llauptserie, and tlie others are the first, second, and third as^^ociated series or 
Aehrvberie. Similar remarks apply to tlu^ comjioiienl series in the spectra of eacdi 
of tlie remaining four alkali metals. ^Vll tlvf. spectra, arc such that every line in 
each spectrum corresponds to a. lino in eacli of t h<*. other four spectra. Although 
there is a little doubt about the lithium lines, generally, by increasing the dispersion, 
the lines can all be resolved into double lines. The dark-red double line in the 


rubidium spectrum has a corresponding double line in the ultra-red cjcsium sj>ectrum ; 
although G. Kirclihoff aiid li. Bunsen regardiid the blin* line as th<i principal line 
of tho caesium spectrum, the energy of the'invisible line in the ultra-red excaasls that 
of all other caesium lines. Similarly, the double, yi'llow sodium line has an iUx’om- 
} allying line in the ultra-violet, and Li. AV. W ood has photographed forty-eight 
lines of the series. There is a constant dilferem e in the vibration frequency of the 
paired lines of the difienmt series of many spectra such that the apparent deVialions 
from constancy lie well within the limits of the (*rrors of observations. With the 
alkali metals, the diiyerence in vibration frequency between the lines of a pair is 
proportional to Ihe square of the at. wt. The laws of formation of spectral lines 
of a group of related clemcnfs arc dependent upon the at. wt. Thus, in Fig. 14, 
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i\s the at. wt. increases the limits of corresponding series move towards the left or 
red-end of the spectrum, that is, in the direction of slower vibration. This rule 
may not be applicable to analogous individual lines - c., 7 . the red lithium and the 
yellow sodium line — because the series contract and therefore shift some lines to 
the right as the at. wt. increases. In general, in a family group of elements there 
is a shifting of similar lines towards the less refrangible (red) end of the spectmm 
as the atomic weights of the elements increase. Thus, the violet pair of lines 
of potassium is representtid by the pair of indigo lines of rubidium, and the two blue 
lines of caosium. 

In the early days of spectrum analysis, G. G. Stokes and G. Kii'chhoff recognized 
that the absorption of light by a sodium flame, or by sodium vapour, is conditioned 
by the resonance of the vibrating sodium mol. with that period of the exciting 
light which was rtunoved ; and E. VViodemaiiii later showed that this absorption 
is accompanied to some extent by lateral re-emlssion. U. W. Wood ^2 j^as shown 
that when sodium vapour is illuminated by a cone of arc- or sun-light, a spot of 
green fluorescent light appears. The fluorescent spectrum, studied by R. W. W^ood 
and J. 11. Moore, is made up of an enormous number of fine lines arranged in groups 
and bands mainly yellow and yellowish-green. If the vapour be exposed to deep 
violet light, the spectrum suffers no change, but as the wave-length of the light 
increases, a yellow fluorescence appears and light Is emitted of the same wave- 
length as tliat absorbed by the vapour. As the wave-length of the incident light 
is still further increased, the fluorescent light moves along the spectrum in the 
opposite direction, although in all cases there is an emission of light of the same 
wave-length as the incident exciting light. Stokes' law is thus violated, particularly 
wlien the exciting light is near the middle of the fluorescent spectrum. JR. W. Wood 
also showed that if a bulb containing pure sodium vapour be illuminated by light 
from a sodium flame, the vaiDOur omits a yellow light without change of wave-length. 
The emitted light is called the resonance radiation^ and the corresponding spectrum, 
the resonance spectrum. Attempts have been made by R. W. Wood and co-workers 
to find if both the D-Iines ap])car when sodium vapour Ls illuminated by a single 
jy-line. Tlie results show that the radiation centres in sodium vapour are not 
entirely independent. If the vessel is perfectly free from h)'drogen, and the density 
of the vapour is low enough, R. W. Wood and L. Dunoyer found that if one of the 
y^-lines is used to stimulate the vapour, then that line is alone emitted ; but the 
})rcsen(c of hydrogen causes both 2 >-lines to appear when resonance is excited 
by one of the Z)-liiies ; and R. W. Wood and F. L. ilohler add that the transfer 
of eju;rg 3 ^ from the to the Di emission centres, or vice versiiy is in some way the 
result of mol. collisions, either of sodium with hydrogen or sodium with sodium. 
L. Dunoyt^r found that polarization can bo detected in the resonance, but 
R. J. Strutt did not find polarization in the ultra-violet resonance radiation. With 
dense sodium vapour, R. W. Wood found the D-linos are excited when the stimula- 
tion m^curs in the bluish-green region, and a channelled absorption spectrum is 
formed ; each line of the principal series is also accompanied by a similar channelled 
spectrum. 

According to (. 1 . A. llciusalecli if an alkali chloride, carbonate, or oxide be heated 
between laytu's of carborundum, positively" electrified particles are emiUed — the ^ 
critical temp, at which the phenomenon occurs varies inversely as the at. wt. of the 
metal, being 27(X)^ for lithium, and 1900° for ca 3 sium. Of all the elements in the 
alkali group potassium exhibits the strongest radioactivity. It has not been possible 
to trace the radioactivity of the potassium salts to the presence of minute (juautities 
of any of the known radioactive elements or their active })roducts. N. R. Campbell 
and R. W. Wood could not detect in the compounds of sodium any radic^activity 
that was definitely greater than that common to all matter, and certainly no activity 
looofk as great as that of potassium. If, therefore, sodium belongs to a radio- 
active series of elements it must be itself undergoing an immeasurably slow dis- 
integration, or it must be a relatively inactive product of radioactive parent. 
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l\ C. Brown pointed out that if the former is tnie, sodium left at rest a long period 
of tinio^should diminiv'^h in amount, and if the latter is true, sodium should in tin)o 
form one or more eleiuoiits in appreciable quantities. Isolated siimples of caesium 
salts have been found to exhibit very feeble radioactivity, but caesium is not yet 
considered to be radioactive ; if the radioactivity should be detectable, the product 
of its degradation should be an isotope of barium. 0. Hahn and M. Rothenbach 44 
found the ^-activity of rubidium salts of various ages shows no variations such as 
would be anticipated if the j3-rays arose from a relatively short-lived isotope of 
rubidium, and it cannot be eliminated or affected by chemical purification. The. 
js-activity of nibidium thus has ever}' characteristic of an atomic property of ihul 
element. The /3-rays of rubidium are homogeneous as regards velocity and pcnc 
trating power ; they are rather more pcnetniting than the j8-ra)'s from uranium ; 
and their velocity is 58 to 00 per cent, of that of light. The jS-activity of rubidiuni 
is j-th of that due to uranium X for the same weight of uranium; for thoriuuu 
the ratio is probably jV.fb. Ap]>IyiiJg the law of radioactive change, the prodm t 
from rubidium should be an isotope of strontium ; and from potassium an isotope 
of calcium. The period of half cJuiiige of rubidium, calculated from the ratio of its 
iS-activity to that of uranium .Yj, is about 10^^ years, and for potassium probably 
three times as great. If the age of the oldest fidspars is taken as 10^ years, only 
0*17 per cent, of the potassium should have changed into calcium. The ])erio(i of 
potassium, however, may be as great as seven times that of rubidium, and it is 
doubtful if the exj>ected difference of at. wt. %vouId be detectable. E. Rutherford 
and J. Chadwick obtained evidence of the emission of long-range particles— probably 
hydrogen — detected by scintillations on a zinc sulphide screen when u-particles pass 
through sodium, but not through potassium. II. li. von Traubenberg found the 
range of the a-particles in lithium to be 129*1x10”^ cm. C. \V. Hewlett studied 
the absorption and scattering of homogeneous X-rays by lithium. 

Chemical properties. — T)ie alkali mefal.s are the most electropositive of the 
elements ; and the electropositive eliaracter of the alkali metals is greater, the 
greater the at. wt., so that cresium is the most oleclrojjositive of all the elements. 
The alkali metals all tarnisli on exposure to air, casium fastest of all, and lithium 
slowest. The oxidation of potassium may j)roceed so (]uickl y that 1 he heal generated 
melts and ignites the metal wdjich burns with its characteristic violet fiame ; this 
is particularly the case when a gentle ])reHs, is ap])lied at ordinan' temp., the metal 
then liquefies where the press, is applied, and takes fire — j)Ossil)ly due to the rapid 
oxidation of the metal at a freshly exposed surface. Analogous remarks apply to 
rubidium and ca\sium, but in a more intense degree, since emsium normally melts 
and then takt».s fire on exposure to the a(ni. Sodium and lithium do not fire spon- 
taneously in air, and IIk'sc elements can be heated to their m.p. in air without 
infiamination. If lithiuin be heated above 180^ it burns brilliantly in uir, forming 
lithium oxide, and mon^ or less of a higher oxide ; 46 the products of combuBtion 
of each of the other alkali metals in air is a mixture of different oxides. According 
to P. A. von Boiisdurff, if air, or oxygen is quite dry, it does not act on the dried 
metal. Indeed, W . Holt and \\ . E. Sims distilled sodium and potassium in oxygen 
which had been thorough)}' dried by phosphorus pentoxide ; they also found that 
the fiame of the freely burning metal is extinguished by immersion in thoroughly 
dried oxj'gen : 

A Cylinder into which phosphorus pontoxido haa been introduced is inverted over 
mercuty, and left for some days until the moisture has been removod. Freely burning 
potassium was instantly extinguished in the dry gas, but by raising the deflagrating spoon 
out of cylmder the metal re -ignited. The operation can be repeated three or four times 
before the moist air diiluses into the cylinder sufficiently to support the combustion of the 
potassium. t'xr 

If the surface of rubidium or c»Bium is quite clean, these two metals inflame spon- 
taueously in thoroughly dried oxygen. G. Reboul found that the presence of 
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moisture is essential for the luminescence which accompanies the oxidation of 
potassium and sodium. 

The alkali metals rapidly decompose water at ordinary tenm., forming hydrogen 
and the alkali hydroxide : 2R+2H20->2R0H4-H2. The heat of the reaction 
K+H20+e.q==R0Haq +H is between 49*08 and 5«3'2 Cals, for lithium ; 42*4 and 
45*0 Cals, for sodium ; 41*9 and 48*1 Cals, for potassium ; 47*25 and 48*2 for rubi- 
dium ; and 48*46 and 61*56 Cals, for caesium.^® In the case of potassium, rubidium, 
and crosium, the heat of the reaction is gre^t enough to ignite the liberated hydrogen, 
and the flame is tinged by the vapour of the metal. During the reaction, a molten 
globule of the metal, say, potassium, travels hither and thither on the surface of 
the water, but is separated from actual contact with the water by a film of steam. 
The globule becomes smaller and smaller, leaving at last a small bead of fused 
potash, which bursts explosively when the temp, falls low enough to allow it to 
come into contact with the water. With sodium, a molten globule also moves 
about actively on the surface of the water, with potassium the liberated hydrogen 
ignites spontaneously, with sodium not so, unless the water is warmed over 
or the action is localized so that the sodium does not travel about. For instance, 
the metal ignites if placed on water made viscid by starcli paste, or placed on wet 
filter paper. There is often a much more violent explosion with sodium than with 
potassium. The cause of the exy)losion has not been clearly established, although 
many guesses have been made — e.g. the explosion has been attributed to the 
formation of a hydride, a carbide, or a peroxide ; to the inclusion of hydrocarbon 
oils in the porous metal ; etc. Caesium metal begins to give oil hydrogen when in 
contact with ice at —116'^; rubidium at —108®; potassium at —105®; and 
sodium at —98®. Sodium reacts briskly with alCOhoL C2H5OH, forming sodium 
ethylate, 02H50Na ; according to R. Pictet, the reaction does not take place at 
tenxp. below —48®. 

The affinity of tlio alkali metals for hydrogen and the metals is feeble, and for 
the metalloids, the afinuty dccr<^ases as the valency of the setjond element increases. 
The affinity for tlic univaleul and bivalent elements is usually large. The }>oliaviour 
of potassium is typical of tliat of the other members of the family. Lithium salts 
of all the Imlides of the alkali metals have the greatest tendency to form hydrated 
compounds, and the stability of these hydrates is greater, the greater the at. wt. 
of the. combined haloid. vSinular remarks apply to the salts of the alkaline earths. 
Hydrogen when heated with the alkali metals forms h}^drides. L. Kahlenberg 
and H. Schlundt^® studied the occlusion of hydrogen by sodium, and M. Guichard, 
by potassium. The alkali metals react vigorously with mercury, forming amalgams. 

Potassium ignites spontaneously in fluorine and chlorine gases, forming the 
corresponding halide ; but .1. A, Wankh n showed that if the chlorine is dry, the action 
with sodium is but slight. At - 80”, liquid chlorine does not attack the rnetal. The 
r<iaction bet.ween potassium, and bromine or iodine is vigorous, with incandescence. 
Willi soiiixuii, the reactions are much less vigorous, fluorine alone attacks the metal 
at ordinary temp,^® Bromine attacks the metal but sliglitly at 200®, and iodine 
can be fused with sodium in a sealed tube without comhiruition. Sodium is scarcely 
attacked by hydrogen fluoride at ordmary temp. ; wit h dry hydrogen chloride, the 
attack is slight even at the fusion point of the metal — according to J. B. Cohen, 
a violet or black subchloride is formed. In liquid hydrogen chloride, sodium swells 
up without giving olf gas. With aq. soln, of these acids, the reaction proceeds with 
explosive violence. Sodium reduces chlorine peroxide, CK)^* 

Sulphur and selenium unite when warmed with the metal ; when sidphur is 
triturated with sodium, the. reaction proceeds with explosive violence which can 
be .mod<*rated by dilution with common salt. Under boiling toluene, sulphur fornn 
the trisulphide Na^S;). Selenium forms the monosclenide, Na^So, when heated 
•with sodium. Sodium is attacked by hydrogen sulphide at ordinary temp., and 
at the fusion ])oint the metal burns in the gas. Gaseous ammonia reacts readily 
with sodium, and liquid ammonia forms blue soln. — the so-called alkali-ammouiums. 
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Sulphur dioxide is partly absorbed by sodium, and partly reduced to (he .sul])liide ; 
cone, sulphuric acid is reduced to the sulphide ; the reaction with an acid of sp. gt. 
1*84 is u'ss vigorous than with w'ater ; but a more dil. a.(][. Boln. of the acid reacts 
with explosive violence^. BoiliTig sulphur chloride does not attack sodium ; thionyl 
chloride is C 0 JUf)IeteIy absorbed l)y sodium near its ru.p. Nitrogen does not combine 
directly with potassium, but lithium unites vigorously with nitrogen below a red 
f)cat, and forms the nitride, LigN. Phosphorus, arseuic, and antimony unit (3 
directly with the metal. So(lium decomposes hydrogen phosphide and hydrogen 
arsenide with the Jiberatiou of hydrogen. PhoSphorus trichloride detonates at the 
jiision temp, of sodium, and sodium phosphide is formed. Nitrous OXide gives 
sodium oxide between 180' ami 20(i' ; the. higher nitrogen oxide.s form mixtures 
of sodium nirrite and nitrate. Sodium inflames spontaneously in eoniaci with 
nitric acid of a sp. gr. ex(‘eeding |•(t^)G. W ith meta-phosphoric acid, some mota- 
phosphate and phosphide are produced. Boron <loes not unite dir<>ctly with 
potr.ssium ; nor doe.s silicon or carbon. Acetylene forms (Mrbides K 2(-'2 NuoLo ; 
litjuid acetylene with sodium forms NaJlCo. The alkali metals displace tlie 
metals from juany oxides and salts — e.g, aluminium chloride forms potassium 
chloride and aluminium. Wduni heated wdth an alkali metal, silicon fluoride forms 
silicon, hydrogen, etc. ; boron fluoride forms boron. With jiiere.uiy oxide ami 
sodium, ITgNaoOo is formed. The alkali metals also reduce many oxidi^s -c.//. 
with boric oxide, boron is formed: B 203 -i- 6 K- 2 B -1 oO), and the potassium 
oxide unites with the excess of boric acid, forming a borate. i^i(juid carbOU dioxide 
is scarcely attacked ; l>ut at a red heal, free carbon, sodium oxide, ami carbonate 
are formed ; carbon monoxide under the same conditions gives similar prodmis ; 
carbon disulphide is attacked in the cold. Sodium attacks many minerals w'hi('h 
uTii insoluble in acids—/’./;, silicates, tungstates, titanates, molybdates, chromite, 
ami cassiterite. Silica, glass, and porcelain are also attaekcsl by the alkali metals. 
Potassium is not so solulde as sodium in the fused hydroxides ; Ihns, 8 to grjus. 
of the metal potassium dissolve in 100 gnus, of fused pota.ssium liydroxide at 180 ’, 
ajul from 0*0 to 1*3 grms. at 70^' ; wliilc 25*3 gnu.^. of .^oditini dissolve in 100 grins, 
of sodinm hydroxide at 480'^’ and (3'U at- 8oo . Eqnilibrinm in earh case is atfaimal 
very slowly. G. von Hevesy found tlir solubility of sodium in fusi‘d sodium 
hydroxide to be 

48(r OOU’ OIU" 070 700*^ 800 ' 

Ka . . . 25 3 10 1 0 0 0 5 T O t) 0 

expressed in grms. per 100 grins, of the fus(‘d alkali hydroxide. 8 imilurly, with 
potassium in fused potassium hydroxide, he found at 180", 7 * 8 - 8*9 grins, of potas- 
sium ; at GOO'’, 4-’3 ; at G50", 2 '2*7 ; and at 70(1, i )*5 1*3. The solubility of 
sodium is lowered by the pre.seiu*a of thallium, cadmium, and gold, but iio delinite 
result was observed wnth tlw. alkali halides. 

Uses of the alkali metals. — Up to about 189(), the main, perhaps the only, 
use. of the metal sodium was in the niaiiufaetiire of aluminium. WOien the electro- 
lytic process for aluminium w^is establislual, it a]>i>e.ared as if the production of 
sodium on a large scale would cease ; but an application of the electrolytic process 
for sodium .so cheapened this element that it could be eni[)loved in processes where 
previously its high cost had prevented its use. For (‘xampl»', large amounts of sodium 
are now converted into sodium peroxide used in bleiudiing, etc. ; also into alkali 
cyanides u.sed in gold extraction, in elect rojila ting, phot <»grap}iy, etc. Sodium is 
used in the aniline dye industry and in making organic compounds when a powerful 
reducing agent is needcHl e.g. artificial indigo. Sodium amalgam wras formerly 
used in the extraction of gold from crushed quart use rock ; and the amalgam, 
like the metal, is an inqiort^nit reducing agent. An alky of potassium and sodium, 
liquid at ordinary temp., is used for some high temp, thermometers above the^ 
}),p. of mercury. 

The atomic weights of the alkali metals. A. Ar{v<alson, the discov(U‘er of 
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lithium, made an attempt in 1817 to determine the at. wt. of this element. He 
assumed that the oxide has the composition Li 02 ; to-day, the oxide is i^aken to 
bo Li20, so that, assuming Arfvedson’s determination was correct, his value would 
be four times that now accepted. In 1826, however, J. J. Berzelius reasoned that 
tl\is element forms no sesejuioxide, and^ from the analogy with the other elements 
wliich form no sesquioxidcvs, he preferred the formula LiO. In his celebrated table 
of at. wt., 1826, J. J. Berzelius represented thci throe alkali oxides then kriowm by the 
general formula RO. However, as a result of the work of C. E. Gcrhardt, J. J. Berze- 
lius’ formula for the alkali oxides RO was changed to R 2 O, and Berzelius’ at. wt. 
were accordingly halved. In 1849, II. V. Regnault determined the sp, ht. of the 
alkali chlorides, and from the analogy with other related chlorides, he assigned 
to the alkali chlorides the formula R.^GL? l^he oxide, R 2 O ; this was confirmed 

in 1862, when H. V. Regnault found the at. ht. of, say, lithium to be 6*6 in agree- 
ment witli Dulong and Petit’s rule, provided the at. wt. of lithium bo 7 ; this made 
the formula for the oxide Li20. For similar reasons, II. V. Regnault maintained 
that the oxides of sodiuni and potassium should bo represented by the foniiulx' 
Nd 2 () and K 2 O respectively. J. J. Berzelius advocated the formula) LiO, NaO, 
and KO to the day of his death, 1848“ probably because he assigned a far greater 
weight to evidence based on chemical ratlier than on ])hysical grounds. The 
formuhe LiaO, K 2 O, and Na 20 are those acce])ted to-day, and they are in harmony 
with the isomorpliism of the more complex compounds of lithium and sodium and 
of the alkali metals generally ; although lithium itself often behaves ditlerently 
from t lie other elements of the family group. The grouping of lithium with the alkali 
metals is also confirmed by Mendeleefl’s classification ; from the fact that in aq. 
soln. of its salts lithium, like the other four metals in the alkali family, behaves as 
a univahmt cation. The univalency of the members of the alkali family of metals 
is further in agreement with the vapour deirsity determinations of the metals and the 
volatile salts ; and with the mol. wt. of soln. of dift'erent salts in various solvents. 

(Comparatively few at. wt. have been fixed by direct comparison with hydrogen 
or ox}'gen ; most of them have been determined by reference to silver, chlorine, 
bromine, iodi?ie. potassium, sodium, nitrogen, carbon, or sulphur as an intermediary, 
which in turn is referred to the o.vygen or hydrogen standard. By international 
agreement, oxygen is the primary standard, and therefore these elements are to 
be regarded as interm(*diate or secondary .standards, which are essentially bound 
up with the at. wt. of the other elements. The accurate determination of these 
intermediate or secondary standards is therefore of groat significance. Determina- 
tions of the at. wt. of potassium and sodium were made by J. J. Berzelius, 
T. J. Peloiize, and J. 0. G. do Marignac. This gave a relation between pota.ssium or 
sodium and the halogen. In one group of determinations, the mol. wt. of the 
alkali halide was obtained by tJie decomposition of a known weight of a clilorate, 
bromate, or iodate ; and in a sec,ond group of determinations, silver chloride, 
bromide, or iodide was precipitated from a soln. of alkali halide. The silver wu.s the 
eonnecling link between the at. wt. of the halogen and the alkali metal. 

KxAMPiiE.' — (Vireful lumsure^ments show (luil lOO grins, of potas.siura chlorate, KClO^, 
furnish 00*84() grms. of potassium chloride, KC’I. Hence, if tin* at. wt. of oxygen be IG, 
it follows that 48 grms. of oxygon in ijotassiuin clilorate corre.spon^l with 74*593 grms. of 
potassium chloride. Again, 100 grins, of .silver dissolved in nitric acid are required for tho 
precipitation of tlio chloriue in G9*113S gnus, of potassium chloride, and 130*9478 grms. of 
silver chloruU'' are obtained. Hence, 74*593 grins, of pota.ssium chloride ro<iuire tho eq. 
of 107*928 grins, of .silver for precipitation, and fumisli 143*329 grms. of silver chloride and 
contain 107*928 grms. of silver and 35*401 grms. of chlorine, and con.se(pic'ntly also 74*593 
grms. of ])otassium chloride contain 35*401 grins, of chlorine, and 39*190 gnus, of potassium. 
Hence, the at. wt. of silver, chlorine, and j>otassium are respectively 107*9, 35*4, and 39*10, 
when tho at. wt. of oxygen is 16. 

As a result of various d(d<?rminali(>ns of the at. wt. of j/ota.ssiuin ranging 
from J. J. Berzelius' 89*26 in 1811 fo T. W, Richards and K, Muller's 89*111 in 
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1907, the best representative value is taken to be 88*16 (oxygen 16). Similarly, 
numbers ranging from J. J. Berzelius^ 23*106 in 1826 to T. W. Richards and 
R. C. Well’s value 23 008 in 1905 have been recorded for the at. wt. of sodium ; si 
the best representative value is taken to be 23*05 (oxygen 16). The early deter- 
minations of the at. wt. of liihhim were made on impure samples, probably con- 
taminated with sodium ; and accordingly, the numbers are rather high, ranging 
from 7*65 to 10-7. The later numbers range from R. Hermann’s 6-1 in 1829 io 
T. \V. Richards and H. H. Willard’s 6*939 in 1910. The best representative value 
of all reliable detornuuations is taken to be 7*08 (oxygen 16). The values for 
rubidium range from R. Bunsen's 85*36 in 1861 to Archibald’s 86*483 in 1904. Tho 
best representative value is taken to be 85*4 (oxygen 16). The at. wt. of cmium 
ranges from K. Bunsen’s value 132*661 in 1861 to T. W. Richards and E. H. Archi- 
bald’s 132*879 ill 1903. The best representative value is taken to be 132*9 (oxyg(*n 
16). The luimbcrs for lithium were determined by the analysis of the sulphate, 
carbonate, chloride, and the perchlorate ; the numbers for rubidium by tho analysis 
of the chloride, bromide, and sulphate; and for caasium by the analysis of th(^ 
chloride, bromide, and nitrate. There are several indications of a missing element 
in the alkali scries with a higher at. wt. than cfiesium. In MendeMeff’s periodic 
table there is a gap corresponding with eka-ewsium ; and the at. numbers also 
show a corresponding gap as indicated by H. G. J. Moseley, M. Siegbabn and 
E. Friman, etc. T. W. Richards and E. H. Archibald, L. M. Dennis and 
R. W. G. W^^ckofi, and G. P. Baxter ^8 fractionally crystallized pure ca^iiim 
nitrate, derived from specimens of pollucite, etc., wiiiJo in search of the unknown 
alkali metal. The at. wt. of the different fraction!- were virtually the same, and 
the flame spectra of the different fractions showed no line not present in all that 
were examined. 

Tho relative density of potassium vapour at 1040'^ (TI unity) is between 40 and 
45 ; very nearl}* corresponding with monoatomic moletailes.5® The vaponr densi- 
ties of the alkali metals are somewhat inaccurate because they attack the con- 
taining vessels. The value for sodium, between 15*1 and 25*8, also agrees with a 
monatomic mol. W. Ramsay's experiments on tho effect of potassium on the 
f.p. of mercury show that the alkali metals are possibl}' univalent in mercurial soln. 
C. T. Heycock obtained similar results from the effects of lithium, and potassium 
on the f.p. of sodium ; and of sodium on the f.p. of cadmium, tin, lead, and 
bismuth. 

P. W, Aston has shown that the positive ray spectrum of lithium show’s the 
existence of two isotopes of at, wt. 6 and 7 ; sodium shows no isotope *, potassium 
shows two isotopes with at. wt. 39 and 41 ; rubidium shows two isotopes of at. wt. 
85 and 87 ; and caesium has possibly two isotopes. 

Analytical reactions of the salts of the ^kali metals. ~ -The salts of the alkali 
metals are not precipitated from uq. soln. by dil. hydrochloric acid ; hydrogen 
sulphide, alkali or ammonium sulphide, ammonium carbonate or phosphate 
(excepting with lithium), barium or calcium hydroxides. A soln. of lithium or 
sodium salts does not readily give a precipitate with hydrochlorophitinic acid or 
tartaric acid, because the corresponding salts are readily soluble in water ; with 
soln. of potassium salts not too dil, hydrochloroplatinic acid gives a yellow pre- 
cipitate and tartaric acid a white precipitate. The former acid precipitates rubidium 
and csosium salts even more readily than potassium salts, because the rubidium 
salt, and still, more the cjtsium salt, are less soluble than potassium chloroplatinate. 
The rubidium tartrate is more; soluble than potassium tartrate and the csesium 
salt is more soluble still, so that precipitates with tartaric acid are produced only 
in cone. soln. Ilydrochlorosfimmc acid, H 2 SnClQ, produces a wdiite precipitate 
with caesium salts, and with rubidium salts in very cone. soln. ; potassium, sodium, 
and lithium salts give no pr(‘-cipitate with this acid, A soln. of awtinwny trichloride 
in hydrochloric acid acts similarly. Sodium phosphate, Na 2 HP 04 , produces a 
precipitate only with lithium salts in soln. of moderate cone. tho reaction is 
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quantitative only in soln. made alkaline with caustic soda, evaporated to dryness, 
and washed with ammonia water. Ammonmm carbf)mte, (NH4)2G08, in ammoniacal 
soln. precipitates lithium carbonate from moderately cone. soln. of lithium salts 
in the absence of considerable amounts of the other alkali chlorides or of ammonium 
chloride. The other alkali salts give no precipitate under the same conditions. 
Ammonium fluoride soln. in excess precipitates lithium salts alone from moderately 
cone. soln. of lithium salts. Ammonia favours the precipitation. Sodium cohalti- 
nitrite — Koninck^s reagent — ^prepared by acidifying a soln. of 6 parts crystalline 
cobalt nitrate, 10 parts of sodium nitrite, and 100 c.c. of water with a few drops 
of acetic acid — ogives a yellow precipitate with potassium salts, but not with salts 
of sodium, lithium, nibidium, caesium, magnesium, the alkaline earths, zinc, alumi- 
nium, etc. A yellow coloration produced is sensitive to nearly 1 : 50, OCX). Ammo- 
nium salts should be absent, since they too give a precipitate sensitive to 1 : 20,(X)0, 
and almost rivalling in delicticy Nessler’s test. SUico-molybdic acid gives an insoluble 
prc(‘ipitate of csesiurn silico-molybdate, and a slightly soluble precipitate of nibidium 
silico-molybdate, and still more soluble precipitates of the other alkali salts. Per- 
chloric acid produces a precipitate with potassium, rubidium, and ciesium salts. 

Bismuth-sodium thiosulphate Carnot’s - prepared by adding a few drops 

of sodium thiosulphate to a drop of dil. bismuth nitrate and adding 10-15 c.c. of 
absolute alcohol, and if the soln. is turbid, adding water until the turbidity just 
clears — gives a yellow precipitate of bismuth potassium thiosulphate with potassium 
but not with sodium salts. Ammonium chloride inhibits the reaction. Hydro- 
fluosilicic acid in excess gives a gelatinous precipitate with soln. of potassium 
rubidium, and caesium salts. Potassium jyyroantimomate, K 2 H 2 Sb 207 , gives a 
white precipitate in neutnd or feebly alkaline, not acid, soln. of sodium salts. Many 
salts of the metals give analogous precipitates with this reagent. A filtered soln. 
of potassium dihydroxytartrate, K 2 (f' 4 H 408 )H 20 , dissolved in the least possible 
quantity of water, gives a sparingly soluble precipitate with sodium salts ; by usina 
ice-cold soln., H. J. H. Fenton detected one part of sodium in 2000 parts of 
water by its means. C/iCvsium carbonate is alone soluble in absolute alcohol, the 
carbonates of the other four alkalies are but very sparingly soluble. Lithium 
chloride is alone soluble in a mixture of absolute alcohol and ether, the chlorides 
of the other four alkalies are but sparingly soluble. If rubidium chloride, containing 
a little cjcsium and potassium chlorides, bo dissolved in cone. h}'drochloric acid and 
be treated with a soln. of aniiutonwas chloride in the same acid, all the coosium with a 
little rubidium will be precipitated as a mixture of 3CsCI.2SbC1.3, or Cs 3 Sb. 2 Cl 9 , and 
3RbC1.2SbCl3, or RbsjSbgdg. The filtrate, after concentration, can be treated with 
hydrogen sulphide to remove the antimony, and the filtrate evaporated, taken up 
with cone, hydrochloric acid, and trealod with an excess of stamiic chloride. The 
rubidium is preci])itated almost quantitatively as RbovSnCI^, while the potassium 
remains in soln, as KoSnCIg. Wash the precipitated RbgSnCle by decantation with 
cone, hydrochloric acid, dissolve it in water, and remove the tin by hydrogen 
sulphide. Fairly pure rubidium chloride can be obtained from the filtrate. Alum 
produces a precipitate in soln. of caesium salts of moderate cone., and in cone, soln, of 
rubidium salts under conditions where no precipitation occurs with salts of the other 
alkalies. A non -luminous gas flame is coloured reddish -violet by cfesium, rubidium, 
and potassium salts ; sodium salts give a yellow flame which makes a stick of red 
sealing-wax appear yellow, wlioreas a luminous gas-flamo makes the sealing-wax 
appear orange. Lithium salts colour the flame carmine red. Sodium salts may 
mask the colour produced by the other salts, but not if the flame is viewed through 
blue cobalt glasft. The spectroscope is a delicate indicator of the absence or ]>resence 
of these salts in the flame reactions. In quantitative analysis, the mixed chlorides 
of potassium and sodium are weighed and the alcoholic soln, is treated with h\ dro- 
chloroplatinic acid, or perchloric acid. The precipitat^ed potassium salt is weighed, 
and the corresponding amount of potassium chloride is calculated. The sodium 
chloride is then estimated by difference. If lithium chloride be present it is first 



474 


INORGANIC AND THEORETICAJ. CHEMISTRY 

washed out with a soln. of amyl alcohol and ether. The nihidiuni ami cjcr^iiini 
chlorides are prf'.cipitatod with the potassium suit. 
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§ 8. The Binary Alloys of the Alkali Metals 

Puritj is not ‘ilways a desuleraliim with the metals since pure metals often 
possess undesirahlc (pialithvs from an industrial point of view, (V)pper is one 
of the few m(‘tals wliirh in its pure state has an important field of usefulness, since 
it is a far better comliictor of electricity than the less pure metal. Gold and silver 
used in jewellery, etc., are alloj^ed with other metals, chiefly copper, in order to 
give them hardness and durability without dt^stroying their appearance. Alloys 
possess the same geiu^ral physical characters as tin) ehuuentary metals, but they are 
mixtures, solid soln. or mixed crystals, or chemical compounds — e.//. the brasses 
are a/iovs of copper and zinc, the steels are alloys of iron and carbon, etc. The 
sulubilitv curve of one metal in another can usually be represented by a curve 
ijuite analogous to the solubility curve of a salt in wafer. Tbe soln. during 
cooling mav congeal to a homogeneous solid, or some of the components may 
separate from the soln., and a polished and etched surface of the cold metal may 
show its heterogeneous character when examined by oblique reflected light under 
the microscojx). New alloys of the metals are being constantly investigated, since 
the properties of a metal or alloy may be modified in an extraordinary manner by 
the addition of another metal. The subject is of great importance in the industries.! 

It is sometimes very difficult to prove whetlier two metals unite with one another 
to form chemical compounds, because the isolation of crystals from reguline matters 
by the action of a solvent is only possible when tlie one is more resistant than the 
other. As previously indicated, the existence of maxima on the eijuilibrium (uirve 
is valid evidence which is applicable only to the conditions und(*r which the curve 
was obtained. If li<juid oxygen and liydrogen were mixed together and an equili- 
brium curve obtained, if no other eviden<‘e were available, it might be inferred that 
these two elements do not unite eheinically. The data with alloys have usually 
been obtained at high temp., and it is ])ro}>able that maT)y compoimds are not 
stable under these conditions ; but the methods of investigation have been extended 
by the prolonged annealing of the alloys at temp, below their fusing poiiits — c.g, lead 
and antimony are said to form a compound PbjjSb 3 at a. temp, of 245'', nearly 4'^ 
below tbe eutectic temp. Similar remarks apply to several other l)iTiary mixtunvs 
— c./;, tin with lead, bismuth, nickel, zinc, cadmium, or mercury. The evidence is 
maijily based on arrests in the cooling curve of these .alloys. Many ])hysical pro- 
perties are profoundly modified by the fonnuhe of definite comj)ounds, so that when 
the relations between the Vtiriations of a phy.sical property with the compositioti 
arc examined, a discontinuity in the corn*sponding curve may depend upon the 
appearance of a new })hasc, or it may nuirk the limit of the saturation of a solid 
soln. Unlike the deaisily or sp. voL, the electrical and thermal condiK'tivities vary 
continuously witliin the limits of miscihilit y of two metals if the nuiiiber of molecules 
increases or decreases contiiiuously from one limit to the other. If a definite com- 
pound is formed in solid soln. with ]x)th its comjjonents, the corresponding curve 
may show a singular point where the cone, of the compound is a maximum.- 

( t . 4'ammann, in his jiapers Uehef die Falivjkdt der lilnnvnte. miieinandcr Verbin- 
dmKjcti ca hildcn,^ has rcviewtxl the results of investigations on a great number of 
binary mixtures of the nu‘tallic ehunents, and he infers ; 

(J) Neighhoiirinn eJewenia bchngttuj to tho sti’me vatuml grou}) do not usually form 
compounds with one another. Kor ('xample, binary compounds of the members of 
the following four groups are not known : (i) copper, silver, gold ; (ii) zinc, cadmium, 
mercury; (iii) germanium, tin, lead; (iv) ursonic, antimony, bismuth. In the 
groups : iron, nickel, cobalt, no compoiujd of cobalt with iron or nickel is known, 
but nickel and iron form the compound Ni 2 Fe. Iodine, bromine, and chlorine are 
exceptions in forming binary compounds with one another. 

(2) A given element fo/yn-i compounds vnth all the members of the same natural 
group or with no7ie. Thus, copper forms no compound with thallium or bismuth ; 
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ainiilar remarks apply to silver and gold. Copper forms compounds with zinc, 
cadmium, aluminium, tin, and antimony, and compounds of all these three elements 
with silver and gold are known. Copper and tin form a series of compounds, but 
no compound of copper and lead is known. Zinc and cadmium form no com- 
pounds with bismuth, load, and aluminium, but they do react with anthnony and 
sodium. Zinc and cadmium do not unite with tin, but a compound of tin and 
mercur}^ is known. The rule does not hold good when there is a change from the 
non-metallic to the metallic character in a group of elejnents, as is exemplified b}" 
the difference in the combining capacity of antimony and bismuth for other elements. 
The rule docs not apply to the first two short periods in Mendeleeff’s table — e.g, 
magnesium forms compounds with zinc, cadmium, and mercury ; sodium unites 
with potassium, etc. Lead and tin form no compounds with antimony or bismuth. 
Bismuth forms no compounds with aluminium, gold, or silver, but antimony does 
form compoimds with each of these elements —c.//. Al»Sb, ZnSb, Zn3Sb2, AuSbo, 
SbAg3. Copper and silver form no binary compounds witli lead, but gold and lead 
form two compounds. Neither z'mv, nor cadmium forms a binary compound with 
thallium, while mercury does form a compound. Alunimium combines with zinc 
but not with cadmium ; manganese and co2>per each unites with tin, but not with 
lead. Aluminium unites with metals of the iron group, but thallium does not. 
rial ilium and palladium caeJi gives a compound with lead, but nickel does not. 
Allowing for exceptions of this kind, the members of a group of elements thus appear 
to be related somewhat like the members of a hoiuolugous scries of carbon compomids. 

Among over a hundred binar}' compounds of the metals examined, relatively 
few agree with the valencies of the elements as exhibited in tfieir salts — e.g. the 
valencies of the elements in NaZn^oi NaCd5, Na,Hg4, FcZu7, NiZny, AuSb2, NiCds, 
etc., do not agrc^c with their ordinary values, although the higher compounds of 
iodine with the metals approximate with these binary metal compounds. The 
valency of autimoiiy in its compounds with the metals corresponds most closely 
witli the valency which that element exhibits in its salts. This is probably con- 
nected wiih the fact that among the elements considered, antimony is most closely 
related with the metalloids. The formulae of the compounds which a metal forms 
with the members of a natural group are not always analogous, and this in spite 
of ilie many chemical analogies between the members of that group. The com- 
pounds of aluminium with copper and silver — AICU3, AlAg3 — and with silver and 
gold -A I Ago, AlAug — are analogous, so also are analogies exhibited by the com- 
pounds of tin with copper ami silv(n' — Cu4Sn, Ag4Sn — and with copper and gold — 
(hiSn, AuSn. Similar analogies are exliibited by 

CusSb Mg^Sn MggSbj Zn^Sb, ZnSb SbTL 

AgaSb MgaPb Cd^Sh^ ZnJSb BiTlj, 

On the other hand, the binary compounds of sodium with zinc, cadmium, and 
mercury, or with tin and lead, have no such analogies with one another. The 
sodium compounds of bismuth aiid antimony arc analogous, but the characteristics 
of tiicse latter elements approximate to those of tJie metalloids. 

The formation of binary compounds is obviously conditioned by the chemical 
affinity of the elements concerned, and, borrowing an old analogy, K. Abegg { 1906 ) 
suggcvsted that the union is determined by the polarity of electro-affinity of the 
elements, and this acts like the attraction of positive and negative charges of 
electricity. The greater the polar difference of the components, the greater the 
tendency to chemical union, and the greater the stability of the resulting product. 
Elements with a marked difference in polarity are designated heteropolar, and 
elements with a closely related polarity are called^ homopolar. Heteropolar elements 
usually stand souio distance apart in the periodic table, and they are exemplified 
by the union of such compounds us KCl, AI2O3, llgS ; while homopolar elements 
form compounds like the metal alloys and amalgams, and compounds of the metal- 
loids with one another — €,g, ICl. Two elements in the same natural group do not 



480 


WORGANIO AND THEORETICAL CHBMfSTRY 




generally form compounds because these elements are hoinopolar, and such com- 
pounds usually have a feeble electro-affinity- '-ahnuinium unites with boron, but not 
with the higher membcrH of the same family ; similarly, silicon unites with carbon, 
but not with the higher members of the same famiJ}'. The greater the heteropolarity 
of a pair of elements, the more likely are they to combine in accord with their 
normal valency, and homopolar pairs under similar conditions are more likely to 
combine in var}ung proportions differing from their normal valency. The phosphides 
of the strongly electropositive elements like the metals of the alkalies or alkaline 
earths have marked faeteropolar characteristics, while the phosphides of the we^ikly 

electropositive elements like iron and copper 
have marked hoinopolar ebaraetoristies, 

A few of the relations of the alkali metals 
with one another have been investigated. 
Potassium with about per cent, of sodium 
forms an alloy which is liquid at ordinal}^ 
temp., and which lias the appearance of mer- 
cur}^ This becomes pasty at 8*^, and solidifies 
at a lower temp. If the? alloy contains 77 per 
cent, of potassium, it remains liquid even 
below O'". The alloys are most conveniently 
prepared by melting together the two metals 
under rock oil. In some cases sodium di^iplaces 
pota.ssium from its combinations — f\ff. accord- 
ing to J. A. Wanklyn, when sodium is added to fused potassium acetate, gases 
are rapidly evolved, bur the reaction is not completed ; an alloy of the twro metals 
is formed. G. AVilliams ^ obUiined Ciii alloy ol the two metals with 70*5 per cent, 
sodium by treating potassium liydroxide under a liydrocarbon oil with sodium at 
a temp, not exceeding 171''. The alloy can be converted into a peroxide, and it 
luia been used under the. name for the revivification of vitiated air in 

life-saving apparatus. 

According to E. B. Hagen, the alloy with a conipo.sitiou corresponding with 
NuK melts at i’S'' ; and, according to M. Kosenfeldt, the alloy with equal w’^eights 
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of the tw^o metals melts at 0°. A. Joannis (1887) 
inferred the existence of a compound NaK^ from his 
observution.s on the heats of formation of the alloys 
of potassium and sodium. In opposition to this, 
N. S. Kumakoff and N. A. Puschin found that the 
mixture corresponding with K 2 Na represented a 
culectio point at — 12T>'' in the f.]), curve of a 
mixture of the two elements when about 66 atomic 
per cent, of potassium is present. G. van Bleiswyk 
obtained the f.p. curve indicated in Fig. 15, and 
this shows that the compound Na^K is the onlv one 
formed under these <;.onditionH, and it is liable to 
dissociation into sodium and liquid at about 6®* 
JNo solid soln. is formed, 'niero is a large gap in the f.p. curve of both lithium- 
bl huim- potassium alloys, as indicated for sodium-lithium alloys in 
l^h*ssing and G, Tammann,^ the gap represents an immis- 
ci le for the alloy separates into two liquids within the proportions 

mdicated llio addition of 6-3 per cent, of sodium to lithium loweilhthe f.p. from 
17 J to 162 , and further additions do not affect the f.p. until about 97 pet cent. 

added when further additions lower the f.p. rapidly down to 
tMt of sodium Itself, viz. 97'’. The dotted line, oh. Fig. 16, represents the solubility 

0 s^um m uthuim, and cd the solubility of litUum in sodium ; the solubilities 

01 these elements m one another probably increase as the temp, rises, and finally 
a cri icai temp, is obtained above which the two elements are miscible in one 
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another in all proportions. Lithium and potassium behave similarly, the flat 
terrace in the curve appears at 166® and extends through the series from 7 per cent, 
of potassium to 97 per cent. The metals potassium, rubidium, and csesium appear 
to have little tendency to form alloys with one another. The electrical conductivity 
curve of solid alloys of potassium and rubidium at 25® has a flat minimum, and the 
curves for liquid alloys between 50® and 160® has no minimum. The temp, coeff. 
of the electrical conductivity gave a curve which is nearly flat, but which has no 
minimum. The hardness curve has a marked maximum near the potassium end 
of the series.® J. W. Hornbeck found that the temp, coeff. of the thermal con- 
ductivity rises with rise of temp. Alloys of lithium with sodium, or csesium, or 
rubidium have not been studied. Lithium is much more prone to form alloys 
with the metals than is caesium, rubidium, potassium, or sodium, and in this 
respect, lithium resembles magnesium. 
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§ 9, The Hydrides of the Alkali Metals 

J. L. Gay Lussac and L. J, '^rhenard ^ referred to the absorption of hydrogen 
by potaasiuDi at a red heat, and stated that a grey powder with no metallic lustre 
was formed which did not melt at a red heat, and which was decomposed by con- 
tact with mercury into hydrogen and potassium amalgam ; similarly, by contact with 
water. In the latter case, one quarter as much again hydrogen is obtained as the 
contained potassium can furnish on contact with water. The work of J. L. Gay 
Lussac and L. J. Thcnard would make potassium hydride, K4H, In 1808, like 
J. Dalton, those two investigators seem also to have suggested that potassium itself 
may be a compound of hydrogen and potash,'’ but H. Davj'^ demonstrated that 
this assumption would not exj)laiii the facts. 

In 1874, P. Hautefeuillc and L. Troost found that lit hiuin, sodium, and 
potassium absorb hydrogen without changing their metallic appearance, much 
as does palladium. These metals can be melted in hydrogen without al^orbing 
the gas ; with potassium and sodium, absorj^tion begins at about 2t.)0®, and attains 
a maximum between 3(K)® and 400®. Potassium absorbs 124‘C, and sodium 238, 
times its volume of gas iinder a press, of 760 mm. According to H. Moissan, potas- 
sium between 200® and 400® absorbs 126 vols. of hydrogen, and sodium between 
300® and 421®, 237 vols. C. Matignon says that lithium absorbs no hydrogen ; but, 
at 500®, absorbs 17 times its volume of gas under the same conditions. P. Haute- 
feuille and L. Troost assumed that compounds Na2H and K2II were foniied ; and 
they measured the dissociation press, of the supposed compounds at different 
temp. : 

380 '* 350 ^* 370 ® 390 ® 400 ® 410 ® 420 " 430 ® 

KjjH . . .45 72 122 363 548 736 916 1100 mrn. 

Na,H . . 28 57 100 284 447 698 752 910 inm. 

VOL. H, 2 I 
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The product in each case is a cryatalUne. brittle, silver-white mass with a metallic 

If lithium, ill au iron boat in a hard glass tube, be heated to redimss in a stream of 
h vdrogen the metal burns with incandescence, forming a hard mass of lithium hydride. 
A Guntz obtained a similar product by heating lithium nitride m a sira&m of hydro- 
gen • and a mixture of lithium hydride and carbide, by heating lithium in a stream of 
acetylone Lithium hvdride so jircparcd is a hard whito juass which molts at 680^, 
at Which temp, its dissociation press, is 27 mm. Ilio (unpirical cojiiposition corre- 
sponds with the formula LiH. II. Moissan prepared potassium aud sodium hydrides 
hy heatini? the metals to about 360° in a similar manner. A tangled mass of snow- 
white crystals of the hydride sublimed on the cooler side of the tube. According 
to A. Holt, when sodium is heated in an atm. of Jiydrog<m at about 270'', the surface 
is dulled owing to the fomiaiion of a thin film of hydride wliich protects the metal 
from raj)id attack ; if the temp, be raised to 400°, the sodiiiin remains bright and 
the hydride sublimes on to the cooler parts. The hydride is formed at 380°, but it 
remams dissolved in the metal. Thus, L. Troost and P. Hautefeuille found that 
the hydrogen absorbed by a given amount of sodium at 380° corresponds vuth the 
formula ]Sa 2 H. Hence, as the temp, of sodium heatcnl in hydrogen gas at atm. 
press, rises about 270°, more and more of the hydride is dissolvinl by the metal ; 
the ratio Na : Nall decreases ; and the vap. press, of the hydride increases until 
at length, in the vicinity of 380°, the hydride begins to sublinu*. At this tern.]),, 
the composition of the solid corresponds with L. Troost and l\ I lautefeuille's Na^H 
or Na : Nall. The formation of tliis easily dissociating compound or sola, of con- 
stant composition is quite consistent with tlie sul^limatiou of the hydride Nall. 
Piesium and rubidium hydrides were similarly prepared by keeping the teni]). 
below 300°. If the hydride contains an excess of tlic nu^tal, it can be purilieil 
by washing it with liquid aimnonia ; the alkali metal dissolves, the hydride 
remains. 

K. Moers says that lithium hydride crystallizes in tlie cubic system ; and he 
gives 0*8196 for the specific gravity of lithium hydride at about 20°. Sodium 
iiydride has a sp. gr, 0*959 when sodium it.s<*lf has a sp. gr. 0*970. The mole- 
cular heat is 0-34 at —199° ; 0*67 at —180° ; and 4*09 at 19*7°. P. Giinther also 
measured the mol. ht. of lithium hydride. Tlu‘ value of /3c is 825. According 
to J. Cloutier, tlie heat of formation of tlu^ sodium-liydrogen product at 330° 
is 13 Cals, and of the jiotassium dcTivative, 9*3 (^ils. per grain of hydrogen; 
these magnitudes iiicrease with rise temp, and nUaia a maximum value 
between 39(1'’ and lOO" — afterwards the In^its of formation decrease witli rise of 
teiiip. It is not clear from P. Hautefeuille and L. Troost's reiwd wdiether they 
were dealing with a solid soln. of hydrogim and the metal, or with a chemical com- 
pound. The valency of the elements in thi\s(^ siippo.sed hydrides, KoH and Na^H, 
also seems peculiar, for the alkali metals seem In^re to be vsemi- valent. A. Giiiitz, 
and K. Moers found the heat of formation of lithium hydride to be (Li, 4H.>) 
--21*6 ±0*250 Cals. v . 4 


Sodium. IVitasj-iiiin. Jiuhidiiiiii. CaE^siulu. 

Sp. gr. . . . (rsir* 0-02 O'SO 2*0 2 7 

I teat of forniatioii . 21*0 lO'OO - - (^als. 

I he hydrides do liot conduct electricity, ami they Ciiiinot be compared with the 
alloys of hydro^on and fho metals ; but uncording to K. Moors, the electtical 
conductivity at UT is 2124x10-5 ; at 5y7",3-22rixI0 » ; at 692°, 0-04049 ; and 
at 754°, 101 ; or tluf olcctrical conductivity, /c, at 6°, bctwco.n .500° and 754° is 
O-265X10 ‘1 + 1-8 X 10 ’{61— 50tJ)2-f l-95xlO~i^(0— OtKI)* -10-5Xl0~2i((?_, 500)8, 
J. Klstor and H. (loitol found that the hydrides of .sodium, potassium, rubidium, 
and ca'sium arc coloured by exposure to cathode rays. E. F. Seiler studied the 
photoelectric effect with the hydrides of sodium, potassium, rubidium, and 
caesium. 
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In 1840, V. A. Jaquelain founded a method of separating hydrogen from its 
admixture with methane and ethylene on the absorption of hydrogen by potassium ; 
and G. Gchlhoff used the absorption of hydrogen by the alkali metals in order to 
obtain the pure gas. The alkali hydrides decompose readily in moist air, and 
tumaltuously in water. Hydrogen is liberated but without incandescence ; e.g. 
LiH+H20==Li0H+H2‘t-31*6 Cals. Analyses of these hydrides arc in accord with 
the fornuilao LiH, Nail, KH, RbH, and CsH, and no other hydrides have been 
observed. 

Neither potassium nor sodium hydride dissolves in carbon tetrachloride, turpen- 
tine, ether, or benzene ; but both arc soluble in the molten nu^tals. The latter 
resembles the products obtained by V. Hautefeuillc and L. Troost, which were there- 
fore solid soln. of the hydride in the metal. When heated in vacuo, a little below 
red-heat, the hydrides decompose into the metal and hydrogen, and the metal 
sublimes. 0. RiifE gives for the decomposition of sodium hydride a temp, over 
330^^, and for potassium hydride a temp, over 2(J0^. 

W. Nernst has suggested that the hydrogen in lithium hydride plays the part 
of a halogen, and likens the reaction rji()H+H2=H204LiH with LiOH+HCl 
-=H20+LiCl ; he shows similarities between lithium hydride and chloride in their 
crystalline form, at. voL, at. ht., heat of formation, coloration of ultra-violet 
rays, etc. The electrolysis of molten lithium hydride is also analogous with that 
of fused lithium chloride. Since lithium liydride is completely hydrolyzed in aq. 
soln., it is assumed that hydrogen acts as a very weak acid. 

Tlic chemical activity of tlie alkali hydrides is greater, the greater the at. wt* 
of the basic element. Potassium hydride burns spontaneously in fluorine and 
chlorine, forming halides of the metal and some hydrogen halide. Sodium hydride 
is slowly attacked by dry gaseous chlorine but not by liquid chloriue at — 35°, nor does 
it redact with bromine in the cold, or at the b.p. of the halogen ; but it does react 
with incandescence with iodine at KX)'', Lithium hydride is not attacked by cold 
(‘hlorine, but it does so when lu'atcd. Potassium hydride also unites in the cold 
with oxygen and air ; sodium hydride inflames at 230° in oxygen ; but is not 
attacked by licjuid oxygen ; lithium hydride has no action in the cold, but com- 
bustion occuis wlum the compound is luxated. Potassium hydride decomposes 
hydrogen chloride: IlCld KH — KCl ; at a gentle heat, it forms potassium 
formate witli moist carbon dioxide : CO.^+KH^—H.COOK, and some free carbon ; 
with dry carbon dioxide, carbon and the alkali carbonate are formed ; and it 
reacts with acetylene at 100°, forming CoKo O2H2 and hydrogen® : 2C0H2+2 KH 
^--CoH 2.C2K2 *1 '^Ho, though there is nothing to show why both sides of the equation 
should not be divided by two. liubidium, eiesium, and sodium hydrides react 
similarly ; the latter with dilliculty. AVith thoroughly dried acetylene no reaction 
occurs below 42°, but if moisture be present, the reaction is vigorous even at — 60°. 
There is no reaction at 100° wdth the hydride and methane, or with ethylene. 
Potassium hydride forms ])Otassium hyposidphite with SUlphUT dioxidc : 2SO2 
+2KH--K2S204-]-H2, at low temp. ; and a mixture of sulphate and sulphide at 
higher temp. Sodium hydride reacts vigorously with sulphur vapour, but not 
with hydrogen sulphide ; tlie alkali hydrides are decomposed when gently heated 
with hydrogen sulphide, and also with many metal oxides. Cone, sulphuric acid 
forms sulphur ajid hydrogen sul])liide ; it is also vigorously attacked by hydro* 
chloric and nitric acids. Carbon disulphide reacts with ciesium hydride, but 
not with sodium or potassium hydride at ordinary temp. When caisium hydride 
is heated with nitrogen, a ca'siumamide is formed ; litliiiim hydride forms lithium 
nitride ; phosphorus acts on Cicsium hydride like nitrogen does, and when the 
products are treated with water, ammonia is obtained in the one case, phosphine 
in tlie other. Licjuid ammonia has no action, but when heated with gaseous 
ammonia, the alkali amides are formed. Arsenic acts on the hydride only at an 
elevated temp., nor does carbon, boron, or silicon act at temp, below the decomposi- 
tion point of the hydride. K. Moers represented the reaction with mercury by 
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TJW-UWo=aT.iHff4-lHo Tho hydrides are strong reducing agenta— the oxides oI 

SnoMMaUlute aloohol, foimmg th. alcoholato and iydiogen ; tha hyd»W 
alcohol is vigorously decoinposcd. The alkali hydrides are insoluble m ether and 

benzene. 

If hvdrosren is passed over heated potassium, the rising gas spontaneoMly inflames in 
sir and fonL a clmid which has alkaline properties; if the gas ^ cimled, it loses its spon- 
^^eous inflammability. L. Sementini * obtained a spontaneously inflammable gM in pre- 
paring potassium by the action of iron on potassium hydroxide at a jugh temp. He caUed 
this gM^a term eq. to kaHvretted hydrogen. According to J. J Berzelnis md C. Brunner, it 
deposits finely divided potassium on cooling. The so-calM kaliiwttod hydrogen isprobably 
a mixture of finely divitJed potassium or potassium hydndo, IvH, and hydrogen, and not 
a gaseous potassium hydride. 


Rkfjbrisnces. , 

» J. L. Gay Lussao and L. J. Th^nard. Recherches phyaico-chimiq^ies, Paris, 1811 j H, Dary, 
Phil. Trans,, 98. 333, 1808 ; 99. 39, 1809 ; 100. 16, 1810 ; J. Dalton, A New System of Chemical 
Philosophy, London, 1810. , 

* P. Hautefeuillo and L. Troost, Ann. Chim. Phys., (5), 2, 273. 1874 ; Compt. Rend., 78. 809, 
1874; H. Moissan, Rev. (Hn. Chim. Pure Appl., (6), 6. 277, 1903 ; C. Matignon, Compt. Rend., 
181. 891, 1900; J. Moutier, ib., 79. 1242, 1874; A Guntz, ib., 122. 244. 1896; 123, 694, 
995, 1273, 1896; R. de Forcrand, ib., 140. 990, 1905; H. Moissan, ih.. 134. 18, 77, 1902; 
185. 647, 1902; 136. 591, 1522, 1903; A. Holt, Proc. Chem. Soc., 19. 187, 1903; Mem. 
Manchester Lit. Phil. Soc., 53. 17, 1909; K. Moors. Zcit. anorg. Chew.., 113. 179, 1920; 
J. Elatcr and H. Geitel, Zeit. Phys., 11. 257, 1910 ; P. Guiithor. Ami. Physik, (4), 63. 476, 1920 ; 
V. A, Jaquelain, Ann. Chim. Phys., (3), 74. 203, 1840; G. Gehlhoff, Vcrh. dcul. phys. Oes., 13. 
^1, 1911 ; W. Nemst, ZeU. Eltkirochem., 26. 323, 1020 ; K. F, Seiler, Astrophys. Journ., 52. 
129, 1920. 

* H. Moissan, Compt. Rend., 136. 1522. lfK)3 ; 137. 463, 1003 ; K, Moera, Zcit. miorg. Ohem., 

118. 179, 1920. 

^ J. J. Berzelius, Lehrbach der Chemie, Dresden, 1. 745, 1825 : 0. Bruuncr, Bibl. UniiK Oenkve, 
22. 20, 1853 ; L. Soraentini, Bibl. Britan nique, 51. 222, 1812, 


§ 10. The Oxides of the Alkali Metals 

Three years after the discovery of the alkali metals, and eight years before 
L. J. Thenard discovered I tau oxygenee, the products of their oxidation were investi- 
gated by J. L. Gay Liissac and L. J. Thenard, and by II. Davy. It now seems 
remarkable that J. L. Gay Lussac and L. d. Thenard did not discover hydrogen per- 
oxide by the action of water on the oxidation products of the alkali metals, but they 
assumed that water acts on these oxides giving soda or potash with the evolution of 
Only small quantities of the metals were used in the experimenta and 
the oxidation proceeded at the high temp, produced when the metals were burned. 
Both sets of investigations failed to establisli the nature of the alkali oxides. 

The three metals ca‘siuin, ruljidium, and jiotassiuiu arc oxidized in the cold 
in moderately well-dried air. (Jtesium inflames immediately on contact with air or 
0^^ oxiile is volatilized as a yellow sublimate, and the brown or 
yellow ma.ss which remains, gives of! oxygon on contact with water. This shows 
that a peroxide has been formed. The spontaneous ignition of ca>siutu makes its 
manipulation difficult ; rubidium, also, is very liable to spontaneous inflammation 
in air ; but potassium rarely inflames on expo.sure to air. Sodium inflame.s only at 
an elevated temp., and it forms the two oxides, Na^O and NaaOg. Lithium is not 
attacked at ordinar}^ temp, in dry air or in dry oxygen ; but it combines with 
incandescence wit Ji oxygen above 200^, forming tho monoxide, Li20, and a trace 
of the dioxide, Li202. Potassium and sodium can be distilled in thorouglily dried 
oxygen without oxidation. E. Kengadc ^ could not dr}'' oxygen well enough to 
prevent tho spontaneous inflammation of caesium, but, below —80^, the action is 
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almoat insensible, although the surface of the metal shows signs of oxidation after 
a few minutes’ exposure. 

If the press, of the oxygen is less than 1 cm. of mercury the metal melts and assumes a 
brown colour without losing its metallic lustre ; it then changes to a reddish-brown colour, 
and the temp, gradually rises. A film then begins to develop about the edges of the metal ; 
this film partly dissolves but ultimately covers the whole surface with a black crust and 
the^ absorption of oxygen then ceases. When this solid is heated, it melts to a brown liquid, 
which absorbs oxygen, and again becomes solid. It is therefore assumed that four oxides 
of cassium are here in evidence. 

The authentic oxides of the five alkali metals are : 


Lithium. Sodium. Potassium. Eubidium. CiDsium. 

Monoxides . . LijO NajjO K^O Rb,0 Cs^O 

Dioxides . . . Li^Oa NagOa KgOg Cs*0* 

Trioxides . . . ► - (KgOs) — (CsgOg) 

Tetroxides . . . RbjOa CsiOg 


The sesquioXides may be solid soln. or mixtures of two other oxides — say, 
and R 2 O 4 , 

The alkali monoxides. — II. Davy ^ believed that ho had prepared the monoxides 
of potassium and sodium by treating the hydroxides with the metal; ‘Hhero is/’ 
he said, “ a division of the oxygen between the alkali and the metal/’ the oxides 
were also made by heating the metals in a stream of oxygen ; but, according to 
N. If. Beketoff, the monoxides are not formed under these condition>s, and he claims 
that Davy’s reaction; KOH+K— K 2 O+H, Is reversible, and the product is., 
impure. 

il. Davy, and JT. L. Gay Lussac and L. J. Th6nard in their early work on sodii^n 
potassium, observed that each peroxide is transformed into the corresponding monoxide at 
nigh temp. The product, however, is still contaminated with the peroxide. The same • 
is obtained in an impure fotm by calcining the nitrate or nitrite * in the absence of air— 
e.g* 5K-fKNO^v=s3KaO-f;N ; and 0K-|-2KNO3=4KgO-f Ng ; the impure oxide, is cdso formed 
by heating metallic sodium with nitrate or nitrite, or with barium nitrite or nitrate, or 
with manganese dioxide. * 

Ap^y. Harcourt® showed that the monoxide is not obtained by calcining thd 
peroxide in a silver dish, but rather a mixture of the monoxide with silver oxide 
or possibly a compound, Ki\g 02 . N. N. Beketoff claimed ® to have made rubidium 
monoxide by heating the metal in air and subsequently reducing the mixture of 
oxides so formed by heating it with the metal in an atm. of nitrogen. H. Erdmann./ 
and P. Kothner (1897) believed that rubidium monoxide did not exist. W. Holt}:’/ 
and W. E. Sims^ have also shown that the oxide formed by heating potassiutql^^*: 
in the theoretical amount of dry air alw^ays contains the metal, and presumably 
also some higher oxide. 

J. J. Berzelius statoil ® that potassium monoxide, which he called Waaserfreies K<Ui* 
can be obtained only by the combustion of the motal in the right amount of oxygen necessary 
for the formation of the oxide ; if the metal be heated in a limited supply of air which 
does not contain enough oxygen for the formation of tho Wasaerfreies Kali, Berzelius 
also said that a grey potassium suboxide is formed corresponding with the formula K4O — 
present notation. He says the same suboxide is formed by heating one part of tho metal 
with 1’2 parts of the hydroxide to a temp, not exceeding 300°. S. Ltipton • tried to verify 
this observation, but he failed to confinn the existenco of the suhoxide since his product 
merely a mixture of the metcJ and the hydroxide. W. Holt and W. E. Sims also 
failed. The product is either a solid soln. of the motal and the oxide, or else a mixture of 
the two. Similar remarks apply to the suboxide of sodium, Na 40 , and probably also to 
R. de Forcrand’s suboxide, which he claims to have formed by heating sodium a 

little over its m.p. in air free from carbon dioxide. It appears os a grey porous surface 
Cji^t, which on exposure to air gradually becomes white oy further oxidation. It reacts 
violently with water, giving off hydrogen. Heat of soln. 97*78 Cals.; heat of formation, 
HaaO, 38*8 Cals* E. Rengade mund that the fusion curve of soln. of csesium monoxide 
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in csasium metal showed maxima corresponding with the existence of fo\ir csasium suboxides^ 
viz. CsyO, CS 4 O, Oa^Oj, and CsaO. Those formulae do not accord with the imivalenoy of 
caesium. 

In making the oxides of the alkali metals by the direct action of oxygon, the 
temp, rises so high that the containing vessel is attacked, and the oxygen must 
accordingly be diluted with an inert gas, or rarefied in order to lessen the violence 
of the reaction. Gmelin recommended burning the metal in nitrous oxide, NoO, 
nitric oxide, NO, or nitrogen peroxide*, NOo, and he claimed the, product w^as then 
the alkali monoxide. W. Holt and W. E. Sims, however, found that with nitrous 
oxide, potassium and sodium furnish(‘d, not the monoxide, but an oxide or mixture 
of oxides approximating RO or R^O^ ; and that if iiitric oxide or nitrogen peroxide 
bo employed, a mixture of varying proportions of the nitrite and nitrate are fonnod, 
but not the oxide. When lithium is directly oxidized by an excess of oxygen, 
lithium monoxide, Li20, and a trace of lithium peroxide is formed ; with sodium, 
the dioxide, Na202, is produced ; and with potassium, rubidium, aud cicsium, the 
oxides RO2 and R2O4 result. 

It is very difficult to prepare the monoxides by the action of oxygen on the 
heated metals bccauvse the product is really a mixture of the uucjonverteil metal and 
of the monoxide along with one or more of the, liigluir oxides. E. Rengade,^*^ 
however, in his Contribution a Vetude des oxi/des anhydre^ des mcianx alcalins (1907), 
has shown that the monoxides of potassium, sodium, nibklium, and ciesium may 
be prepared by oxidizing the alkali metals with l(*ss than the theoretical amount of 
oxygen. The oxygen is admitted very slowly and the press, kept below 2 cm. 
of mercury so as to avoid a ris(* of temp, which would r<‘sult in tlie formation of 
higher oxides. The monoxide dissolves in the excess of metal which is then di.s- 
tilled off in vacuo. The residual oxide remains in the form of small crystals. 

L. Troost prepared lithium monoxide by burnuig the metal in an iron boat 
in a stream of dry oxygen. The product is contaminated with a little peroxide 
which imparts a yellow tinge to tlie iiu‘tal ; L. Troost ma<l(^ the same oxide by 
heating a mixture of lithium carbonate aud carbon to a high temp. ; and also by 
heating lithium nitrate for a long time in a silver crucible. W. Dittmar made this 
oxide by heating the carbonate in a stream of hydrogcji for about 3G hrs, at a rod 
heat ; aud by heating the hydroxide to a red heat. 

The properties ol the alkali monoxides. -The. monoxides of the alkali metals 
have the following properties : 

Lithium. Sodium. J^^fussium. Rubidium. C;o»ium. 

Colour .... Whit(^ While Wiiito GoUlcui -yellow Orango red 

Sp. gr. (0^) . . .1*80 2*25 2 :11 :L72 

Heat of formation . .141-2 89 DO 92*08 04*90 09 '98 Cals. 

Heat of hydration . . 31*20 50*50 75*00 80*00 83 2 „ 

The heats of formation correspond with the reaction: 2K-} (>-^=K20 ; aud the 
heats of soln. with KoOaniid f lliiOn,niid~ ^KOH.oUd, Gie oxides with water 
give the alkali hydroxide, but no liydrogeu. They are soluble in alcohol. 

Orange-red caesium monoxide changes to carruiiKi-red, and purple as the temp, 
is raised ; it aj) pears black at 150 . The colour e-lianges are ri* versed on cooling. 
At the temp, of lirjuid oxygen, — 180‘\ Ihe. c.olonr becomes jialo yellow. CVcsiiim 
monoxide is volatile in vacuo at about 250'\ and it melts with di^composition ])et\veen 
SGO*^ and 400 ; it then forms the ilioxide. and the vapour of the juetal : 2CS2 O 
“^Cs 202+2 Cs. This reaction sliow^s that the monoxide is rather unstable and has 
a tendency to dcconjpose into a mixture of tJu^ metal and a higher oxide. The 
yellow colour of rubidium monoxide also b(K*om(‘,s deeper in lone with a rise of 
temp. ; at it has a golden colour. Rubidium monoxide breaks down into the 
dioxide and rubidium vapour at KXJ^. Cicsium monoxide can dissolve or absorb 
the vapour of the metal, and tln’i mono.xide dissolves in the molten metal. Cflcsiuin 
monoxide commences to absorb hydro^TCn at 150°, forming the hydride ; the 
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reaction : CsgO+Ho- CsOH+CsH, is rapid at 170^-180^, and no metal Is sublimed. 
According to N. N. Beketoff,i5 sodium monoxide is formed by heating sodium with 
the hydroxide, but the monoxide is decomposed by hydrogen, so that the reaction : 
2Na20+H2^2NaOH-|-2Na, is reversible. Ccosium monoxide is completely 
reduced by hydrogen at ordinary temp. According to E. Rengade,^^ fluorine 
has no appreciable action on ccnsium monoxide in the cold, but when heated to 
150° or 200 ’, the mass becomes incandescent, and a blue flame appears ; chlorino 
and iodine act in a similar way. Oxygen scarcely affects the monoxide in the cold, 
but at i50°, absorption begins, and the peroxide, CS2O4, is formed. Molten sulphur 
in vacuo reacts vigorously, forming a sulphide or polysulphide and a sulphate : 
40 s20+4S-:-Cs2S(>4+3C.sS. Heated with phosphorus, a phosphide and phosphate 
are formed. Neither amorphous boron nor sugar charcoal reacts below the temp, 
at which the monoxide is decomposed. Hydrogen sulphide forms a hydrosulphide 
with incandescence at ordinary temp. Sulphur dioxide bleaches the oxide at 
ordinary temp. ; and when heated, the reaction is attended by incandescence, amlwhen 
the resulting white mass is dissolved in water a sulphide and a sulphate are formed. 
Liquid ammonia a(*quiT0S a fugitive blue colour and forms a white residue of ca',sium 
amide: Cs20-fNH3— CsNH2+CsOir ; it is thought that the fugitive blue colora- 
tion is evidence of an intermediate reaction : 20^00 H-2NH3=Cs202+20sNH2, 

and the products then break down : C.S202+20sNH3=:-2Cs()Il4 2CsNH2- Moist 
carbon dioxide attacks cjcsium oxide with inflammation at ordinary temp., and the 
dry gas acts at about 250° or 30()°. Incandescence also occurs in the presence of 
carbon monoxide. M"ith sodium monoxide, carbon dioxide forms the carbonate 
at 400°; with carbon monoxide at 290°--310°, the reaction 2Na204“C0— Na.^CO^ 
-t--2Na occurs ; and at 320° a black compound of carbon monoxide and sodium 
begins to be formed. 'pin* chemical properties of rubidium monoxide closely 
resemble those of tlie ciosium compound. Potassium monoxide with dil. hydro- 
cyanic acid evolves (30 (^als. per mol., K2O ; hydrosulpliuric acid gives 154 Cals. ; 
carbonic acid, 220 Cals. ; and boric acid (BoO^), 200 Cals. According to P. Lebeau,^^ 
liihiuru monoxide forms isomorphous mixtures with lime. According to L. Troost, 
and to W. Dittmar, lithium monoxide does not attack platinum at a white heat if 
air be excluded. 

The higher alkali oxides. — J. L. Gay Lussac and L. J. I’lienard’s 20 measurements 
of the amount of oxygen which united with a given weight of potassium burning in 
oxygen showed that “ potassium combines with twice or even three times as much 
oxide as it requires to pass into the state of potash,'’ i,e. potassium monoxide ; 
they further sliowed that “ no volatile product is formed during the oxidation,” 
since ‘'the weight of the oxide obtained is always equal to that of the potassium 
employed and of the oxygen absorbed.” Witli respect to the oxidation of sodium, 
also, it was found that “the metal can take up half as much oxygen again as it 
requires to pass into the state of sodium monoxide, or even more ; “ while with 
potassium, the weight of oxide formed agrees with the supposition that the body is 
a trioxide, KoO^. J. L. Gay Lussac and L. J. Thenard, however, did not regard 
their experiments as decisive, and while confirming this work, H. Dav}^ stated that 
he did not find “ any means of ascertaining accurately the quantity of o.xygen 
contained in th(^se now oxides.” C. F. Schonbeiu also prepared these oxidc.s by 
the combustion of the metals in air or oxygen ; he called these oxides tniiozonides^ 
and accordingly inferred that they should not give ofl oxygen in contact with water. 
He ascribed the evolution of oxygen which actually occurs to the rise of temp., 
and found that if the water is kept cold “ a liquid is obtained which decolorizes 
potassium permanganate soln. . . and attributed the observed results to the 
presence of hydrogen peroxide in the soln. 

A. V. Harcourt found that while the tetroxide, K2O4, is the end-product of 
the oxidation of potassium, the dioxide, Na202, is the end-product of the oxidation 
of sodium. A. V. Harcourt was unable to prepare an intermediate oxide, 
of definite composition. He noticed that the oxidation occurs in two stages when 
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a Doixttire of nitrogen with gradually increasing amount of oxygen la admitted to 
molten potassium at about 1(W. He says : 


The grey film covering tho metal changes to a deep blue, the surface appears to become 
roughened by little wrinldes and projections, and a moment arrives when a single spluttering 
spark appears at one point, and a dust of white oxide rises. At this instant, the absorption 
of oxygen begins ... the blue crust becomes white. Immediately afterwards it dis- 
appears entirely beneath tlio surface of the liouid metal, whose smooth surface is soon 
broken by iimumerable projections which osoena and ramify with a steady, visible growth, 
having the white lustre of froatcui silver. At the same time tho motal climbs rapidly up 
the surface of tho glass . . . by eapillaiy attraction through the bulky powder and extends 
in broad foliations, which grow together from side to side, and sometimes cover the whole 
interior of tho bulb. Gradually, as the oxidation proceeds, tlie inner surface of tho bulb 
changes to a dead white, and the brilliant undergrowth crumbles down to a shapeless 
powder. . . . Before all tho dark metal foliations have cpiito disappoarod some portions 
of the oxide begin to acquire a yellow colour, and tho yellow colour gradually spreads 
throughout the mass as the pn^ss. of the oxygen is increased. Tho white oxide is potassium 
dioxide ; tho yellow oxide, potassium tetroxide, Tho phenomena with sodium at about 
200^ are far less striking, and tho metal does not spread itself on the glass. Only the 
dioxide is formed. 


S. Lupton showed that the dioxide, K2O2, formed by the continued action of 
dry air or oxygen on potassium, and he described the complex oxides, KgOs, 

K4O3, as mixtures or aggregates of the di- and mono-oxide- -K2O2 and K2O — in 
varj’ing proportions, but he did not show how the mono- 01: di-oxide could be 
obtained. W. Holt and W. E. Sims prepared the di-, tri-, and tetra-oxides of 
potassium — K202> K2O3, and K2O4. A. Joannis also obtained the same three 
compounds by the oxidation of potassammonium under different conditions ; and 
he also made sodium di- and tri- oxide by the oxidation of sodammonium with 
oxygen. 

N. N. Bekeioff 22 prepared rubidium mono- and tetra-oxide in 1889 ; H. Erdmann 
and P. Kothner considered that the tetroxide of rubidium is the only definite 
rubidium oxide whose existence has been demonstrated, but E. Rengadc (1907) 
succeeded in preparing all four oxides, llb20, Rb202, Rb203, and Kb204. E* Ren- 
gade also made the corresponding four csesium oxides. There is little to show^ that 
the so-called trioxide.s are not mixtures of the di- and tetra-oxides. 

L. J. Thenard (1827) did not prepare litljiuju peroxide ; he merely ^‘assumed, 
by analogy with baryta, soda, and potash, that heating lithium in oxygen would 
furnish the peroxide.*’ Traces of lithium dioxide, mixed with much monoxide 

were obtained by L. Troost,^*^ in 1850, by burning th<‘ metal in oxygen ; and the 
pure compound was prepared by R. do Forcrand, in 1900, by the action of hydrogen 
on an aq^ soln, of lithia. The resulting crystaLs have the composition of trihyd:j;ated t 
Uthium dioxide dihydroperoxide, Li202.Tl202.3{!2(>, and when left about 
vacuo over phosphorus pent oxide, the anhydrous dioxide Li202 remains. In general, 
the tendency of the alkali metals to peroxidation is greater the greater the at. wt. 
of the element. 

The alkali dioxides or peroxides.- -As just indicated, lithium forms only traces 
of the dioxide, Li202, when heated in oxj^gen, and th(3 dioxide has to be prepared 
indirectly by treating lithium hydroxide with hydrogen peroxide, and drying the 
prodiict in vacuo over a desiccating agent. Tho combustion of sodium in an excess 
of dried air or oxygen furnishes sodium dioxide. The metal is contained in glass,, 
aluminium, silver, or platinum vessels which are rather more attacked than when 
potassium is employed. H. Y. (^istuer used an aluminium vessel, and a stream 
of air in whk‘h the, proportion of oxygon was gradually increased. The peroxide 
containing about 93 per cent. Na202, is made on a manufacturing scale by placing 
sodium on aluminium trays supported on carriages continuously travelling through 
a tunnel kiln heated to about 30(1'', and through which a stream of air — freed from 
moisture and carbon dioxide — ^also passes. The trays are charged at one end of 
the kiln, and emptied at the opposite end. 
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Sodium . dioxide ie obtained in an impure form, but suitable for mwy industrial pur^ 
poses by heating to redness a mixture of lime or magnesia with sodium nitrate in a stream 
of air or oxygen. H. 0. Bolton made the peroxide by adding small pieces of sodium to 
a '^oixture of sodium nitrate and sodium hydroxide heated to nearly its m.p. The reddish- 
brown liquid loses its colour on cooling. The nitrate is reduced to ammonia by the sodium : 
NaNO3-|~3NaOHH"2N‘a'^3Na202-f'NHj. B. C. Brodie also made the peroxide by heating 
a sodium salt with barium peroxide. If molten soflium hydroxide be exposed to oxygen, 
under press., some sodium peroxide is formed. 

The formation of potassium dioxide by direct oxidation has been previously 
indicated. W. Holt and W. E. Sims 20 nxade a substance with the same com- 
position as potassium dioxide, K 2 O 2 , by heating the metal in a quantity of nitrous 
oxide insuOicient for complete oxidation. A. Joannis obtained this same oxide as 
a rose-coloured gelatinous precipitate, by passing a slow current of oxygen through 
a soln. of potassium in liquid ammonia cooled to — 50*^ ; the current is continued 
until the soln. is decolorized. E. Itcngade27 made caesium dioxide, Cs202» by 
gradually allowing the theoretical amount of oxygen to enter an evacuated glass 
vessel holding an aluminium boat containing a known w'eiglit of ca^^sium metal. 
The temp, was rapidly raised. The fused mass attacks glass, nickel, silver, platinum, 
etc. Aluminium is the most resistant of all tlio metals tried. 

Sodium dioxide is an important commercial product ; the other alkali peroxides 
:ere more of the character of chemical curiosities. According to J. Scott, 28 sodium 
dioxide has a micro-crystalline structure. Some of the properties of the dioxide 
are tabulated in the following scheme : 

Lithium. Sodium. Potassium. Bubidium. Capslum. 

Colour . . . . White White White Yellowish-white JP;ale yellow 

;Sp. gr. . . . . — - . ~ 3-72 (0*=*) 4'47 (15^) 

Heat of formation, RaOa • 144*8 119*8 — — — Caia. 

The heats of transformation of the monoxides to the dioxides increases regularly 
with increasing at. wt. The dioxides arc soluble m water. Sodium dioxide dis- 
solves in water without decomposition if a rise of temp, be prevented .28 The 
heat of soln. of lithium dioxide, Li202, is 7 19 Cals, at 20° ; and of sodium dioxid^» ^i 
Na202, i4'4:l Cals. If only a small quantity of water is used, the dioxide decom- 
'poses into the hydroxide and oxygen. Some hydrates have been prepared. For . 
instance, A. V, Harcourt3<> prepared octohydrated sodium dioside> Na202.8H20, 
;py concentrating an aq, soln. of tlio dioxide, but, according to R. de Forcrand, 
is best prepared by cooling, at 0°, a soln. of the dioxide in four times its weight of' 
water. 6. F. Jaubert made it by exposing sodium dioxide for about two weeks to 
an atm. sat. wdth water vapour, but free from carbon dioxide. T. Fairley made the 
jhydrate by the action of hydrogen peroxide on an aq. soln. of the hydroxide in excess, 
fe^ejrlporation in vacuo, and the precijiitatioii of the hydrate by the addition of /^ 
Bfebhbl TO the aq. soln. The hydrate furnishes large tabular crj’^stala of hexagonal 
form. The heat of formation ; Na202+8H20™-Na202-8H20-f 34‘08 Cals. The 
hydrate is scarcely altered by keeping it for a week at a winter's temp. ; it melts 
at 30° in its own water of crystallization, with a brisk evolution of oxygen. Accord- 
ing to A. V. Harcourt, if the octohydratc is allow^ed to stand over cone, sulphuric 
acid, it continues to lose water for about nine days ; the weighings then become 
constant. The composition approximated with sodium dioxide dihydrate» 
Na 202 . 2 H 20 . The hydrate forms sodium percarbonate, Na 2 C 04 . 8 H 2 O, when 
treated with solid or liquid carbon dioxide, and with an excess of carbon dioxide 

the acid sodium percarbonate, 4 Na 2 C 04 .H 2 C 03 . 

According to E. SchOne, if a soln. of one eq. of sodium hydroxide with 3*5 to 4 cq. of 
hydrogen peroxide bo ©vaporatcMl in vacuo — preferably in darkness— small colourless 
crystals are formed, with a composition approximating to tetrahydraied sodium dioxide 
dihydroperoxide, Naj02.2Hg0a,4Hj0. The crystals soon become opaque. They are very 
soluble in water, sparingly soluble in alcohol. The compound begins to decompose at 62°, 
with the evolution of oxygen. The crystals gradually decompose on keeping. If sodium 
dioxide be suspended in carbon tetrachloride and treated with hydrogen cidoride, a colourless 
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compound— sodium dioxide dihydrochloride* NaftOa. 2 HCl— is formed. This decomposes 
when treated with water, forming a mixed soln. of hydrogen peroxide and sodium chloride. 
Other mol. compounds have been prepared by G. F. Jaubert — Na2Os.2H.OOOH ; 
Na20a.2CoH5000H, etc. For the corresponding trihydrated Uthium dioxide hydro- 
peroxide* Li2d2.H3O2.3H2O, vide supra. 

Sodium peroxide Ls a white powder which becomes darker and darker when 
heated, and as in the analogous phenomena with the oxides of zinc and tin, tlui 
white colour is restorcil on cooling. Sodium peroxide can be lieated to its ni.p. 
without decomposition. It is hydrated bv exposure to moist air free from (*arbon 
dioxide, but, in the presence of the latter gas, sodium carbonate is formed. Sodium 
peroxide is an energetic* oxidizing agent, and the aq. soln. behaves us if it w'tTe an 
alkaline soln. of hydrogen peroxide (ff.v,). Fused sodium peroxide attacks most 
metals — tin, silver, platinum, etc. C. Zenghelis and S. llorsch found that tlu^ 
reaction with carbon dioxide: C02+Na202~Na2C03^ 04 55,225 cals., is more 
vigorous than with carbon monoxide : C( ) 4* Na202“Na2C03+ 123,330 cals., in 
spite of the greater thermal value of the latter reaction. It is believed that endo- 
thermic pcrcurbonatc is first formed with carbon dioxide, Na2C20^^, and that this 
at once decompose.s Na2C203 - Na2C()o4'G024G. When a current of carbon 
dioxide Ls passed over a mixture of sodium dioxide with a readily oxi<lizable sub- 
stance, including aluminium and magnesium, the reaction occairs explo.sively with 
iron the metal form? Na2FeOj without explosion ; with zinc and copper a preliminary 
heating is required. A mixture of powdt'rtul alumiiiium and sodium dioxide 
explodes when heated to redness, or exposed to liuniid air. The silicates and many 
native oxides which are not readily attacked l)y fu.sed sodium carbomxte are decom- 
posed by fused sodium peroxide. Hence, it is sometimes used for decomposing 
these substances prior to analysis. The fusion i.s usually conducted in nickel 
crucibles — gold and silver have been used, Platinum is ra}>idly attacked l)y the. 
fused oxide, while the other metals just mentioned are not attacked so quickly. 
Sodium dioxide does not exjilodc by c.ollision, by shock, or by heating ; but, wlien 
mixed with oxidizable substances, explosive mixhin's may be foniHul. Many 
carbon compounds are ra])idly oxidized by sodium dioxide. A mixture of calcium 
carbide and sodium peroxide is explo.sivf*. 

Commercial sodium dioxide contains about 90 to 92 ptn- cent, of the dioxides, 
or 19 to 20 per cent, of active? oxygen. Tlie powder usually has a yellow tint owing 
to impurities — sodium hydroxide, and carbonate, alumina, and tracc.s of iron. Tht*^ 
latter is bad, since it makes the peroxide liable to catalytic decomposition when 
moist* Sodium dioxide is the act i agent in several (‘oinmercial products. A mixture 
with a neutral salt - say, magiie.sium chloride or sulphate — is used for bleaching,^- 
disinfection, and other oxidizing })utpo.se.s. The powdered pnxluct is very sensitive to 
air, and accordingly <.h F. Jaubert proposes to compress it into cubes ; D. E. Parker 
fuses and casts it into briquettes or cubes, wht*n its trade name is oxom ; oxone is 
used for making oxygen. A compressed mixture of sodium dioxide and <41oride 
of lime Ls (i. F. Jau heart's oxolilh^ also u.sed for making oxygen. Various other 
mixtnre.s are sold for blcacliing and other purpo.ses under various trade names. 

There is the same diilicully about the constitutional formula) for the alkali 
peroxides or dioxides as occurs v\ith hydrogen peroxide; and it is c.onvenient to 
regard these compounds as derivatives or salts of hydrogen peroxide, which 

is regarded a.s a dibasic acid. Jn sodium <lioxide both hvdrogeu atoms are <lis- 
placed by sodium, but J. Tafcl has pnqiared derivatives with only one hydrogen 
atom displaced from tlu; Jiiol., viz. NaOoH or NaO.OH, ^odtfl or natn^l hydroxide ; 
or sodium hydrogen peroxide, and constituted, according to J. 1’afei, Na~0— OH, 
HO XaO Nal) 

HO HO XaO 

Hyarogcii peroxi<^^ Suahini hy<lroR('n peroxUln. .Sixliiuii i>oroxkle. 

Sodium hydrogen dioxide rcmuiins as a white powder on shaking pulverulent 
sodium dioxide with an ice-cold mixture of alcohol and coiic. hydrochloric, nitric, 
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or sulphuric acid; or with absolute alcohol alone: Na202+C2H50H=:Na02H 
+C2H50Na, if an acid be also present, the sodium alcoholate forms alcohol and a 
salt of the corresponding acid. Sodium hydrogen peroxide is soluble in water 
at and has a smaller heat of soln. than sodium dioxide. The aq. soln. is strongly 
alkaline, and when warmed, decomposes into sodium hydroxide and oxygen ; if 
the dry salt is warmed, it is liable to decompose explosively. According to 
H. T. Calvert's measurements of the electrical conductivities of soln, of sodium 
hydroxide and hydrogen peroxide, a relatively large proportion of sodium peroxide, 
in aq. soln., is hydrolyzed. If an excess of hydrogen peroxide be present, the hydro- 
lysis can be restricted. He demonstrated the presence of anions O2' ; and of thfi 
anions O2" in soln. where the hydrogen peroxide is in excess and in a strongly alkaline 
sola, of hydrogen peroxide, the ions are Na* and (>2^'. 

Sodium hydrogen peroxide decomposes slowly at ordinary temp. When treated 
with dil. alcohol, Na202.8n20 is formed ; if the aq. soln. be neutralized with hydro- 
chloric acid, chlorine is evolved on heating ; and with sulphuric acid, at ordinary 
temp., a liquid is obtained which reduces potassium permanganate with the evolu- 
tions of oxygen. Alcoholic hydrochloric acid at —5'^ furnishes a compound con- 
taining NaCl.Na02H, at higher temp, sodium cdiloride and hydrogen pcroxid(i 
are formed. With acetic acid, in alcoholic soln., 2(Ui3C00Na.H202, is formed. 
Aq. soln. of this salt are neutral. Sodium hydrogen peroxide is converted into 
sodium carbonate, water, and oxygen by the action of dry carbon dioxide and an 
unstable pcrcar})onate is formed by the action of the same gas on the aq. soln. at 
low temp.35 When sodium hydrogen peroxide is treated with absolute alcohol 
or hydrogen peroxide the product 2Na0oH.H202 is formed, and the same sub- 
stance is obtained by the action of sodium alcoholate (cthoxide), C2H50Na, on a 
mixt\irc of 30 per cent, hydrogen peroxide with absolute alcohol ; and also by the 
action of an ethereal soln. of anhydrous — 100 per cent, — hydrogen peroxide on 
metallic sodium. F. Horton measured the electrical conductivity of the solid oxide. 

The trioxides of the alkali metals. — According to E. Kengade, rubidium or 
oiesium trioxido is formed as a chocolate brown or black mass by gradually intro- 
ducing the theoretical amount of oxygen into an evacuated vessel containing the 
metal in an aluminium boat ; and afterwards raising the temp, to the fusion point 
of the mixture. Rubidium trioxide fuses at about 470"^, and ciesium trioxide at 
about 400° ; the former has a sp. gr. 3'53 (0°), and the latter 4*25 (0°). These oxides 
arc decomposed by trcatnient with water, forming hjalrogcn peroxide, oxygen, and 
the alkali hydroxide. E. Rengade^^ that rubidium Irioxidc, and liencc also 
caesium trioxido, is not likely to be a mixture of the di- and letra-oxides because it 
appears as a black mass during the progressive oxidation of the metal, after the 
formation of the yellowish- white rubidium dioxide, and before the yellow tetroxide 
appears. W. Holt and W. E. Sims obtained potassium trioxide as a pale reddish- 
yellow solid by heating potassium in an excess of nitrous oxide ; and R. de Forcrand, 
by heating the tetroxide in vacuo at 480°. A. Joaiinis obtained potassium trioxide 
by stopping the action of a slow current of oxygen on a soln. of potavssammonmm 
in liquid ammonia at —50°, at the moment when the brick-red precipitate has the 
deepest colour ; by the prolonged action of oxygt'ii on a soln. of sodammonium in 
liquid ammonia at —50°, A. Joannis likewise obtained a rose-coloured precipitate, 
of sodium trioxide, Na203. If the current of oxygtm is rapid, the precipitate, at 
the moment the soln. is decolorized, has the composition NH;{.Na20, or lsIT2.Na20IL 
In aq. soln., sodium trioxide furnishes oxygen gas and A. \^ Harcourt's octohydrated 
dioxide. According to R. de Forcrand, tlie heats of formation of the four alkali 
trioxides starting from their elements arc sensibly the same, and equal to 120 Cals. 

The tetroxides ol the alkali metals.- - The highest oxide formed by lithium is 
the dioxide, and with sodium the trioxide ; potassium, rubidium, and cresium form 
tetroxides. A. V. Harcourt 38 showed that the indications of the higher oxides of 
potassium observed by J. L. Gay Lussac and L. J. Thenard, and by H. Davj , 
about 1810, probably represented the formation of potassium tetroxide. The 
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luethods used for the j)reparaiiou of sodium dio^cide furnisU potassium tetroxidc 
if applied to potassium. A, V. Harcourt. heated the metal to about 180® iu an 
atm. of nitrogen, and gradually displaced this gas by air or oxygen.^ All traces of 
moisture were rigorously excluded. PotasHium, rubidium, and csesium tetroxides 
are the ultimate products of the oxidation of the corresponding metals in an excess 
of oxygon or air. The metal is best contained in an aluminium boat during the 
reaction ; the product fused ; and was allowed to cool in oxygen at ordinary press. 

H. C. Bolton made potassium tetroxidc by molting potassium with potassium nitrate ; 
E. do Haen by boating a mixture of potassium nitrate with lime or magnesia, imd afterwards 
in a current of air or oxygen between 300° and 500° ; and A. Joannis obtained it as a chrome- 
yellow precipitate by the prolonged action of oxygen on a soln. of potassammonium in 
ammonia at —50°. The orange-yellow product obtained by A. von Baeyer and 
V. ViUiger by the action of ozone on dry potassium hydroxide is probably potassium 
tetroxide. 

The tetroxide of potassium is often called potassium peroxide, while sodium 
peroxide is the dioxide. The potassium compound is orange-yellow, the rubidium 
and caesium compounds arc yellow with a faint red tinge. The Specific Ktavities 
of rubidium and caesium tetroxides are respectively 3*05 and 3*68 (0®) ; and the 
respective melting points are approximately 280®, 6 (X)®, and about 515® in an atm. 
of oxygon. Rubidium tetroxide gives ot! oxygen readily at about 500®, and if kept 
at 550® in a vessel in communication with the mercury pump, it forms the black 
trioxide ; caesium tetroxide loses oxygen at about 350®. The heat of formation 
of potassium tetroxide from its elements is 133*71 Cals. ; of rubidium tetroxide, 
137*6 Cals.; and csesium tetroxide, 111*16 (\ils. ; the Iieats of formation of the 
tetroxides from their monoxides are respectively 16*91, 51*1, and 58*76 Cals. The 
tetroxides absorb moisture from the air, and on deliques<‘ing give oil bubbles of 
oxygen. They dissolve rapidly in water, forming hydrogen peroxide with the 
evolution of oxygen in accord with the equation: Cs 2 C) 4 ^- 21120 — 2Cs0H+0is 
+H 2 O 2 . Csosium tetroxide is not attacked by absolute alcohol, but, when heated, 
the oxide gradually dissolves with the evolution of oxygen. The tetroxides are 
reduced by hydrogen at about 3(KJ® witli the formation of the alkali hydroxide, 
water, and oxygen. H. Erdmann and P, Kothrier explained this curious reaction 
by assuming a preliminary foniuUion of hydrogen peroxide. V. Meyer (1897)^^ 
considers this hypothesis dou]>tfu] because, dry .silver oxide, potassium peroxide, 
etc., also furnish oxygen when warmed in a stream of hydrogen, earbon monoxide, 
or carbon dioxide. Here the formation of hydrogen peroxide is excluded, and 
the reactions With potassium peroxide are explained: K 2 O 4 +CO— KsCOa+OgJ 
2 K 2 O 4 + 2 CO 2 — 2 K 2 C 03 + 3 < >2 ; and KsO^+Ho^^ 2 K 0 H+ 02 r Carbon, and carbon- 
aceous compounds react vigorously with the tetroxides when heated, forming 
the alkali carbonates. Carbon monoxide reacts with the tetroxidc at a temp, 
rather more than 100 ®, forming the same volume of oxygen as of carbon monoxide 
, consumed in the production of the carbonate : Ko() 4 +C 0 ==:K 2 C 03 + 02 . “ The 

perfect constancy in the volume of the gas throughout the experiment,’* said 
A. V. Harcourt (1861), “ goes also to prove that the two actions proceed propor- 
tionally, the carbonic oxide is substituted for an eq. quantity of oxygen, K 2 O 2 D 2 
+C 0 ~K 202 .C()+() 2 .'' Dry carbon dioxide has no action at ordinary temp., but 
when heated to about J(X)®, alkali carbonate and oxygen are formed : 2 K 2 O 4 + 2 CO 2 
■- 2 K 2 CO 3 + 3 O 2 . Phosphorus reacts vigorously, forming the alkali phosphate; 
and with sulphur, the alkali sulphate and a little sulphide are formed ; if sulphur 
vapour, carried along with a stream of nitrogen to moderate the vigourof the reaction, 
be led over the lieated peroxide, sulplmr dioxide, potassium sulphate, and poly- 
sulphide are formed. With sulphur dioxide, potassium sulphate and oxygen are 
formed ; with phosphine, or hydrogen sulphide, the corresponding phosphide or 
sulphide are formed. Nitrous OXide docs not decompose potassium peroxide; with 
sodium dioxide and nitrio OXide, sodium nitrite is formed : Na202+2N0s=:2NaN02 ; 
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it might therefore be expected that pota^siam tetroxide woxild give the nitrate : 
K204~|-2N0«»2KN03. This, however, is not the principal reaction, and A. V. Har- 
court suggests that the reaction proceeds : K204+2N0=K202+2N02, followed 
by K202+2N0=2KN02, and by K2O2+2NO2— 2KNO3. With aimnonia gas, 
nitrogen and potassium hydroxide are formed. The peroxide oxidizes many 
metals with incandescence — e.g, potassium, arsenic, antimony, tin, zinc, and copper 
— while bismuth, lead, iron, silver, and even platinum are oxidized without incan- 
descence. The aq. soln. oxidizes manganous salts to the peroxide ; precipitates 
a yellow hydrated cupric peroxide from cupric salts» but if the potassium tetroxide 
be in excess, the cupric peroxide is reduced to the hydroxide.^^ Potassium tetroxide 
behaves like a reducing agent towards acid soln. of potassium permanganate^ and 
it decomposes into hydrogen peroxide when treated with an acid without liberating 
ozone ; this is shown by the fact that if indigo-sulphuric acid be present there is no 
bleaching of the colour as would occur if ozone were formed. 

^iflViAccordinj^ to, A* von Baeyer and V. Villiger,^^ solid potassium hydroxide is 
cblbured an intense orange by ozone ; and when ozone is passed into a 40 per cent, 
soln. of potash lye cooled by a freezing mixture the same colour is developed^ but 
the colour disappears when the soln. is removed from the freezing mixture. 
Rubidium and cjcsium h}^droxides behave in a similar manner ; but sodium 
hydroxide is coloured only a faint yellow ; lithium is likewise slightly affected. 
According to W. Manchot and W. Kampschulte, liquid ammonia is coloured an 
intense orange-red which vanishes when the temp, rises. A. von Baeyer and 
V. Villiger, and A. Bach, assumed that the alkali tetroxides are formed, and that 
those oxides are really salts— -ozonates — of what they call ozonic acid, H2O4, or 
(H0)2=0=:0, the hy^oxyl derivative of ozone, 0=0— 0. According to W. Traubo, 
when freshly prepared, the ozonate yields oxygen and very little hydrogen peroxide, 
when kept at the ordinary temp, for a short time, or at 90®~100® the ozonate becomes 
paler in colour and yields a larger amount of hydrogen peroxide when treated with 
water or an acid. W. Traube suggests that the change is due to an intramolecular 
transformation of the ozonate first formed to a tetroxide, and he formulates the 
tetroxide KO.O.KO2, where the O2 group is held by auxiliary valencies, and is 
released on treatment with water, while the residual KOOK forms hydrogen peroxide; 
the oxonate is formulated (K0H)202. The slow change from ozonate to tetroxide 
is due to the oxidation of the KOH-group by the oxygen : 3(K0H)202=2(K202.02) 
-f 2KOH4-2H2O. This agrees with the fact that the ozonates and the tetroxides 
are peculiar in yielding indifferent oxj^gen when dissolved in water. W, Traube 
made a quantitative study of the reaction betivcen ozone and potassium hydroxide, 
and W. Strecker and H. Thienemann studied the action of ozone on soln. of the 
sodium, potassium, rubidium, and ca?siiim in liquid ammonia, and obtained the 
ozonates or ozonides contaminated with products of the action of ozone on ammonia. 

E. Schone (1878)^^ precipitated crystals of hydrated alkali peroxides by adding 
alcohol to the soln. ; by varying the relative proportion of alkali peroxide and 
hydrogen peroxide in the soln., he claims to have prepared compounds corresponding, 
with NagOg.SHaO, or Na2H40e.4H20, that is Na204.6H20, or Na2Oo.2H2O2.4H2O ; 
and also K2H4O4, or 2KOH.H2O2, or K2O2.2H2O by evaporating an aq. soln. of 
potassium tetroxide or a mixture of cq. amounts of potassium hydroxide and 
hydrogen peroxide over cone, sulphuric acid in a good vacuum ; and K2H40e or 
K2O4.2H2O by evaporating an aq. soln, of a mol. of potassium hydroxide with three 
mols. of hydrogen peroxide in a good vacuum over cone, sulphuric acid at a temp, 
below 0®. 
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§ 11. Hydroxides of the Alkali Metals 

In an important paper entitled : Experiments tipon magnesia alba, quicklime, 
and other alcaline stibstances, published in 1755, ^ J. Black first made clear the 
relations between caustic alkali and mild alkali ; that is, between the alkali 
hydroxides and alkali carbonates. These relations were not understood by the 
early chemists. They believed the mild alkalies and alkaline earthvS— that is, 
the carbonates of the alkalies and alkaline earths — to be elementary substances ; 
that the causticity of lime was due to the union of fire-matter or phlogiston with 
elemental chalk ; and the conversion of mild alkali into caustic alkali, with the 
simultaneous regeneration of chalk, by boiling the former with caustic lime, was 
due simply to Ihc transfer of the phlogiston or fire-matter from the lime to the 
mild alkali. Otherwise expressed: Quicklime --Chalk-bFire-matter. J. Black 
proved this hypothesis to be untenable. H. L. Duhamel du Monceau ^ had shown 
nine years earlier in a memoir : iJiverses experiences sur la chaux, that limestone 
loses weight when cahiined and regains it little by little on exposure to air. 

J. Black demonstrated experimentally that chalk after ignition neutralized 
the same quantity of acid as before ignition, but tlie (uilcined chalk dissolves in 
the acid without elfervescence, whereas the original chalk lost a gas which he called 
jixed air, but which is now called car})on dioxide. ^\^ Homb(?rg ^ had previously 
demonstrated th(^ same*, fact in 1700, and used it as an argument against the pre- 
vailing hypothesis that chalk loses its alkalinity or alkaline force by calcination. 

The salts formed by the action of acids on cah.ined and uncalcined lime were 
shown to b(‘ identical in every respect, and the same amount of gas was expelled 
from chalk whetluir the chalk be calcined or digt‘st(Hl in acids. Further, by weighing 
the (dialk before and after calcinal ion, J. Black found a loss, not a gain in weight. 
Thus : 


Oixlinary clialk ...... 120 grains 

C^uif'kliiiio . . . . . . 08 ,, 


Loss in weight . , . 52 ,, 

Hence, added J. Black, *’ we may safely conclude, lliat the volatile matter lost 
during the calcination is mostly air, and heme calcined lime does not emit air or 
make any effervescence when mixed with acids." Again, lime becomes caustic 
owing to the loss of fixed air. Consequently, J. Black proved that Chalk— Quick- 
lime h Fixed air. Hence, quicklime is simpler than chalk or limestone. 

Joseph Black thus showed the phlogist^oii hypothesis to be a gratuitous assump- 
tion in explaining tlie transformation of limestone into caustic lime, before 
A. L. Lavoisier attempted to apply J. Black‘s idea to processes of oxidation and 
combustion.'^ 

J. Black found that the quicklime was converted back into chalk by exposure 
to air, and further that 

. Qviioklinie doe.s not attract air wlien in its ordinary form, but is capable of being joined 
to ono particular species only, which is cleconiposed through the atm., either in the shape 
of an ('xcce<lingly subtle powder, or more probably in that of an elastic fluid. To this I 
have given the. named fixed air, 

J. Black also succeeded in transferring the fixed air from potashes to quicklime, 
for, oil boiling the 08 grains of quicklime in the (ixperiment cited above with pot- 
aslies, he finally obtained 118 grains of a white powder “ similar in every trial ” to 
ordinary chalk. The 118 grains of chalk correspond with the 120 grains originally 
taken within limits of experimental error. The resulting caustic potashes no 
longer effervesced with acids, whereas the regenerated chalk did. Hence J. Black 
concluded that the potashes were made caustic by the transfer of fixed air contained 
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in potashes to the caxistic lime. Somewhat similar results were obtained with 
magnesia and its carbonate as were obtained with lime and its carbonate. Joseph 
Black did not attempt to find the nature of the aeriform substance, but he did 
demonstrate the modern view of the changes which attend the transformation of a 
mild into a caustic alkali, and proved that these changes are similar to those which 
occur during the conversion of a mild earth into a quicklime. Black s experiments 
also made clear the relations between the mild alkalies (alkali carbonates) ; caustic 
alkalies (alkali hydroxides) ; mild earths (carbonates of the alkaline earths) ; and 
the quicMifms (oxides of the alkaline earths). 

C. W. Scheele (1784) said that Black's experiments wore so solid and convincing 
that it seems impossible to form any objection to them. The balance enabled 
J. Black to perceive the invisible, so to speak, and to open to chemistry a new ora 
by brilliantly demonstrating the importance of quantity. Except for a few desultory 
experiments, chemistry, prior to J. Black, had laboured only with qualities. 
Lavoisier certainly must have recognized the part which Joseph Black had played 
in weakening the hold which plilogiston had obtained in chemistry. This engine 
of research — the balance — was again employed by A. L. Lavoisier in his brilliant 
work on oxidation and combustion. Enthusiasts have claimed for Lavoisier the 
introduction of the balance in chemistry. This is of course all wrong. The balance 
had been in use centuries earlier, and it is even depicted on the monuments of ancient 
Egypt. T. Bergnuuin, also, about this time, emplinsized the use of the balance 
when he said : 

The balance is of singular service in investigating the properties of bodies, and in direct- 
ing those properties to their proper uses. All effecis are oxaetly proportioned to thoir 
causes ; therefore, unless their mutual relations examined by aCKiurato trials, theory 
must be lame and imperfoot*. 

Up to the time of the discovery of the alkali metals by IF. Davy, potassium 
and sodium hydroxides causi/c potash and caustic .sofin— were considered to be 
oxides. J. P. J. D’Arcet (1808) ^ showed that lapis cavsticus — caustic alkali — 
contains another constitueni wliicli C. L. Berthollet proved to be water. J. L. Gay 
Lussac and L, J. Thenard, and If, Davy detertuined the exact proportion of water 
present in these compounds. According to Pliny's Hisioria fiaturalis (8L 46), 
it was the custom in the first century of our era to adulterate Egyptian niirum 
with calce — lime. Consctjuciitly, the strengthening of the lye obtained from wood 
ashes by the addition of ([uickliiuc was probably known to the ancients, at any 
rate the formation of caustic lye is mentioned by Paulus iEgineta, a medical writc^r 
of the seventh century ; and (he preparation of caustic alkali is described by the 
Latin Gcber, and by Albertus Magnus, in the .thirteenth centur}^ In essence, the 
same process is used to-day. Albertus Magnus said in his Cofnposition de 
conipositis : 

Grind very fiiiely a c-onriiflerabl<i amount of th«.5 asheB from the rotten oak tree — quercue 
. putrida — and mix them intimately -svith a Bixth part of quicklime. Place a thiCK olpthv 
oyer a cask, and on this put the mixture of ashcK and lime. Pour boiling watqsfijsver thC',. 
mixture, and wash the ashoH well. Allow the lye to settle in the cask until the rifeifr day. ’ 
Clarify by filtration. Boil down the lyo in a cauldron until all the water has evaporated 
and fumes are no longer evolved. Let the mass cool, and there will remain a hard stone 
which is called alcali, 

G. E. Stahl ^ also showed in 1702 that caustic alkali is formed when nitre is 
decomposed by the metals. 

Sodium and potassium oxides cannot be conveniently made by calcining the 
corresponding carbonate and digesting the residue with water as is possible in the 
case of calcium oxide, because the two alkali carbonates do not decompose so 
readily on ignition as calcium carbonate. Lithium carbonate, however, is more 
closely related to calcium carbonate than the other alkali carbbnates. The pte? 
paration of the oxides of potassium and sodium is rather difficult and expensive* 
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Hence, although the hydroxide can be made by the action of water on the oxide, 
it is far more economical to employ a method of preparation based on that described 
by Albertus Magnus. The chloride is first converted into carbonate by Leblanc's 
or Solvay's process, and the carbonate is subsequently converted into the hydroxide 
by oaustioization with lime. If the alkali chloride could be transformed directly 
into the hydroxide, without the intermediate formation of the carbonate, by a 
-cheap enough process, the waste of industrial energy, so to speak, involved in this 
roundabout procedure would be avoided. Numerous patents ^ have been obtained 
for decomposing. common salt by steam or superheated steam, but without any 
useful result. 

In Q/B. Acker's process ® for sodium hydroxide, fused sodium ohlbride was ' 
electrolyzed with a molten lead anode ; the resulting alloy of sodium and lead was 
decomposed by steam to form hj^'drogen and sodium hydroxide. Chlorine and 
hydrogen were thus obtained as by-products. In spite of this advantage, the 
process could not compete successfully with that ordinarily employed. There 
are also numerous forms of electrolytic cell in which brine is electrolyzed for chlorine, 
with sodium hydroxide as by-product. The cells are arranged so that the chlorine 
at the anode docs not mix with the hydrogen and alkali hydroxide formed at the 
cathode.® These processes can be profitably employed wdicre the required electrical 
enprgy is cheap enough. M. H. van Laer investigated the possibility of using 
sodium or potassium carbonate in place of sodium chloride for the manufacture of 
the alkali hydroxide. S. S. Sadtler produced sodium hydroxide by the action of 
calcium hydroxide on sodium hydrophosphate. 

There are also chemical processes for the direct conversion of the chloride into 
hydroxide. For example, in 1773, C. W. Scheele found that when sodium or 
potassium chloride is boiled with lead oxide or hydroxide, a quantitative yield of 
the alkali hydroxide is obtained, and a yellow basic lead chloride, 3PbO.PbCl2, 
precipitated: 2NaCl+4:Pb0+H20=2Na0H+ 3PbO.PbCl2. Lead oxychloride is used 
as a yellow pigment, and the process of preparing this substance as the main product 
of the reaction was patented in 1781 by J. Turner — hence the name Turner^ s yellow. 
It has been recently proposed to work this process for the alkali hydroxide on a 
manufacturing scale ; but there is a long list of sterile patents for this reaction 
dating from 1773 up to recent times.^^ The process has also been the subject 
of critical investigation by J. F. A. Gottling (1781), F. R. Curaudau (1792), 
R. C. Clapham (1859), etc. The lead can be recovered in the following manner : 
The basic lead chloride is separated from the lye, dissolved in nitric acid, and evapo- 
rated down. The hydrogen chloride wrhich is evolved is condensed, and the lead 
nitrate is dissolved in water, and lead hydroxide is precipitated by the addition of 
ammonia. The chief difficulty with the process lies in the recovery of the lead 
oxide in a suitable form. According to F. M. Bachet, the lead oxychloride pan be 
: decomposed by lime water : 3Pb0.PbCl2+Ca(0H)2==4:Pb0+CaCl2+H20, and the 
residual mixture of lead oxide and calcium chloride used over again.i2 

0*, Lowig proposed to roast the alkali carbonate with ferric oxide in a reducing 

^^Ir^'Wherebyeod^^ ferrite, NaFe02, is formed : Na2CO3+Fe203=552NaF6O2+CO2., 
When the resulting cake is treated with water, caustic soda is formed and the ferric 
oxide (or hydroxide) is regenerated : 2NaFe02+H20=Fe203-f2Na0H. However, 
the process of causticizing the carbonate with lime appears in the main to have 
prevailed against other proposals. Suggestions have been made to caustify nitre 
cake ; and B. Neumann and E. Earwat have discussed the causticization of 
alkali sulphates. 

Sodium or potassium hydroxide can be taken as a type of the process for the 
oausiifioation of alkali carbonate by lime. When calcium hydroxide is added to a 
boiling soln. of sodium carbonate in an iron, or silver, or nickel vessel, calcium 
carbonate is precipitated, and sodium hydroxide, NaOH, remains in soln. : 

. CI^(0H)2+Na2C03— 2Na0H+CaC03. The clear soln. is decanted from the pre- 
cipitated calcium carbonate, and cono. by heating it in iron pots. The reaction 
' ' '''"'yKiU it.' ' ■ \ 2 k 
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between alkali carbonate ami calcium hydtoxjdo lias many points of intcr.M 
best studied in the li^ht of the theory of equilibrium, so useful in the , ;••; 
thcmical reactions e.nicrally. When potassium carbonate and slaked li, 
used there are four .salts in soln. and in equilibrium ; ^6 accordbij-ly, the re.,< . i, 

represented; K.,C 03 bCa( 011 )^Ca^^^^^ f ri , 

^Molecular theory of caustiflcation. -An excess of aohd calcium hydro . t, 
supposed to be present at the start, so that as fast as calcium hydroxide is r. luov.d 
/row the solu. bv react ing with the. potassium carbonate, more passes hiU, H.ln. 
Thus the cone, of the calcium hydroxide in the soln. is kept constant. The .sohibiliiy 
of calcium carbonate is very snuill, and, in consequence, any calcium carlioiiatV 
in excess of the solubility will be precipitated as fast as it is formed. The rfai tion 
proceeds steadily from right to left because, all the time, calcium hydroxide .stc.niiiv 
passes iuto soln., and calcium carbonate is steadily precipitated ; but the solubility 
of calcium carbonate steadily increases with increasing couc. of potassium hytlruxide. 
There is a steady transtormation of the potassium carbonate into potas.-iuiu 
hydtoxiJs iii progrot^s, Tlio coiic. of tho potussiuui aithoniitc is stGsdUv (iecri'Di'b!'', 
while tho cone, of the pota.ssium hydroxide is steadily increasing, (.'on.sequently, 
when the potassium hydroxide, lias altained a certain cone, so much calcium car- 
bonate will be present in the .soln. that the reaction will cease. Hence the cone, 
of the potassium carbonate should be such that it is all exhausted before the .stale 
of equilibrium is reached. If Ihe cone, of the jiotassium hydroxide should exceed 
this critical value, the. reaction will bo reversed, and caleium carbonate will be 
transformed into calcium hydroxide. 

M. le Blanc and K. Novotny showed, for example, that at 1(X>°, the percent, 
of sodium carbonate transformed into hydroxide is greater with normal than with 
tornormal sola. Thus, for equilibrium. 


Initial t one’., NaoCO;, 

Po re L*n ta i;o t r aus f o n n a t i on 


X- 
09- 1 


2 .V- 

97-8 


3A'*ao). 

93*2 


They also found the yield to bo iudepondont of tlie temp, so that the heat of the 
reaction is virtually zero, and no improvomoiit <uui be exp«H;t»'d by working at higloT 
temp, under press., as was proposed by E. W. Parnell in 1877. Aecording to 
G, Bodlander and K. Lucas, the hydroxkhvs oE barium and strontium arc more 
soluble than calcium hydroxides, while the. earboriates ari^ less soluble than cah-iuni 
carbonate. Hence, better yields are obtained with those hydroxides. \Mth 
strontium hydroxide, the reaction is exothermal, so that the* yield should be 
increased by working at lower temp. 

Ionic theory of CSiUStifiCEtion. — ^Tlie explanation ullered by tlie ionic theory 
runs somewhat as follows : At the start, the soln. contains the ions 


K2C03;=^2K* l-CUa" ; ainl Oa{OH)2^Ca*’-h2()ir 

Tho solubility product [Ca-JLCO/'J is v(*.iy small, and very^ much less than tlie 
solubility' product [Ca [[Oil J- ; consequently^, since relatively'' largo proportions 
of both the ionsCa * from the (JafGJl).^, and (JO 3 '' from the KaCOg, arc present in 
the soln., caleium carbonate will be preeipitated, and will continue being pro- 


T UM- . i ’ required to maintain t.iw 

'S n r?. ."bf hydroxide up to ita own constant value. Eiually. 

when the cone, of the OH lom is so great that the cone, of the Ca” ions from the 
calcium hydroxide is no greater than the cone, of the 0 a“ ions required to maintaii-' 
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the solubility product of the calcium carbonate at its own characteristic value, the 
reaction will stop. Hence the cone, of the potassium carbonate in the soln. should 
be so adjusted that this salt is exhausted before the reaction stops. 

There is a complication in causticizing sodium carbonate by means of lime 
owing to the formation of hydrated crystals otgaylmsacite, CaNa 2 (C 03 ) 2 .bH 20 ; and 
of anhydrous CaNa 2 (C 03 ) 2 . The latter is stable above 40^, the former below 40°. 
These salts are sparingly soluble, and they are precipitated along with the lime 
sludge with a consequent loss of soda. The double salts are stable in soln. with 
cone, of sodium carbonate exceeding certain limits, and they are decomposed by pure 
water. Consequently, the soda could be recovered by repeatedly washing the pre- 
cipitated sludge, but, in practice, this is not expedient because the recovered soln. ' 
would be too dil . for profitable cone. M. H. van Laer found soln. of sodium carbonate 
is readily converted into the hydroxide by the electrolysis of aq. soln. in the presence 
of an oxy-salt like the sulphate, chlorate, or nitrate. 

In 1818, A. Arfvedson causticized lithium carbonate by means of calcium 
hydroxide, but the sparing solubility of lithium carbonate causes but a poor yield. 
L. Troost made the hydroxide by dissolving in water the oxide obtained by the 
combustion of the metal ; and C. (i. Gindin decomposed lithium sulphate by an 
oq. soln. of barium hydroxide. In either case, the soln. should be evaporated rapidly 
to dryness in a silver vessel, and then fused. 

Tlie alkali hydroxides can bo obtained from tho alkali svlphcUe by treating it with 
baryta water or stroiitia water, whereby insolublo barium or strontium sulphate is pre- 
cipitated, and tho alkali hydroxide remains in soln. : Ba(0Il)2+K2S04*— J5aS04-h2K0H ; 
or by treating a sat. soln. of the alkali sulphate with calcium sulphate there is a partial 
conversion of sulphate to hydroxide. The sulphate can also be converted to the phosphate 
by treatment with acid calcium j>hosphate ; and by the addition of milk of lime, alkali 
hydroxide is formed. Tho alkali nitrate can bo causticized by ignition with carbon, copper 
turnings, or iron oxide, and subsequently extracting the liquid mth water. The product 
is impure. Numerous processes for causticizing the alkali chloride have been proposed. 

The purification of the alkali hydroxides. — Numerous impurities have been 
reported in commercial sodium and potassium hydroxides. Several have com- 
mented on the presence of peroxide, particularly in caustic potash.^® Various 
salts “-carbonate, sulphate, nitrate, nitrite, chloride, and phosphate — as well as 
alumina, silica, organic matters, and metal oxides arsenic, vanadium, iron, 
etc., have been reported. More or less of the other alkalies may also be present. 

The so-called potassium or sodium hydroxide pure by alcohol — e,g, soude 
d Valcool — was prepared by C. L. Bcrthollet in 1786 by dissolving the hydroxide in 
absolute alcohol. Most of tho impurities remain undissolved, but a little chloride, 
carbonate, and acetate pass into the alcoholic soln. The alcoholic soln. is allowed 
to settle, the clear liquid is decanted off, and evaporated in a silver dish, on a water- 
bath. The resinous matter which is formed, is removed from the warm semi-solid 
mass by means of a silver spatula, and the mass is then poured on a plate of polished 
iron. 

Alkali hydroxide of a high degree of purity can be made by treating the highly 
purified alkali carbonate with silver carbonate to remove the chlorides, and then 
boiling the clear liquid, in a silver dish, with lime made by the ignition of purified 
calcium carbonate. The soln. is then filtered through a layer of pounded marble 
which has been well washed to remove the powder. The liquid is then evaporated 
in a silver dish. The alkali-lye should not come in contact with glass on account 
of rapid corrosion. Alkali hydroxide soln. for volumetric analysis are often made 
by the action of the metal on water, or water vapour. The metal is supported 
in a nickel gauze funnel over water contained in a basin. The water vapour attacks 
the sodium slowly and a soln. of the hydroxide can be collected in a silver or nickel 
basin placed underneath. All is covered by a bell -jar. The hydrogen escapes 
through the water under the bell- jar. The lye which collects in the basin contains 
about 40 per cent, NaOH. 



600 INORGANIC AND THEORETICAL CHBMISTRy 

Properties of the alkali hydroxides^ — The alkuU hydroxide» are brittle, white, 
translucent solids with a more or less crystalline^ fracturci and fibrpus textile. 
Sodium hydroxide deliquesces on exposure to the air, but it goes solid again owing 
to the formation of the carbonate by the absorption of carbon dioxide from the air . 
Lithium hydroxide is a little hygroscopic. Potassium hydroxide is even more 
deliquescent than the sodium compound i but its carbonate is also deliquescent. The 
hydroxides are very soluble in watery and they also djyssolve ih'^cohoL Tli^!¥e|)orted 
numbers for the speci&c gravities of sodium hydroxide range IlSSni 1*723 to 
2130 : and for potassium hydroxide, from 1 *958 to 2 6. The best representative 
sp. gr. are 2’54 for lithium hydroxide ; 2130 for sodium hydroxide ; 2*044 for potas<- 
slum hydroxide ; 3*203 (11 ) for rubidium hydroxide ; and 3*675 (11^) Csssiuin 
hydroxide, V, 

R. de Forcrand found the melting point of lithium hydroxide to be 445"^, "ahd 
G. Scarpa, 462®. The hydroxide remains undecomposed 23 at this temp., but at a 
higher temp, some decomposition occurs : 21ji()H=Li20+H2G. According to 
G. von Hevesy, sodium hydroxide melts at 318*4® ±0*2®, meaning that the observed 
numbers vary between 318*2® and 318*6®. This docs not necessarily mean that 
this constant is known to these limits of accuracy unless the purity of the material 
be unimpeachable. G. Scarpa gives 310® as the melting and 290° as the solidification 
temp. ; B. Neumann and E. Bergve give 300® as the solidification temp. Sodium 
hydroxide volatilizes unchanged at high temp. Potassium hydroidde melts at 
360*4® +0*7®, G. Scarpa gives 380® as the m.p., and 260" as the transformation 

point ; B. Neumann and E. Bergve give the m.p. 345®. 
Rubidium hydroxide melts at 3<.)1®±()*9® ; and caesium 
hydroxide at 272*3® ±0*3®. G. von Hevesy found that 
the four hydroxides show terraces iu the cooling curves 
below their m.p. The dissociation pressures of lithium 
hydroxide at dillerent temp, are 9*2 mm. at 561° ; 
92 mm. at 7tX>® ; 234 mm. at 782® ; 526 mm. at 875® ; 
and 760 mm. at 924®. The dissociation press, measured 
by J. Johnston®^ were not considered satisfactory. 

Fio. n.—Cooltag Curve of Jackson and J. J. Morgan fotmd the vapo^r 

Sodium Hydroxide. ptessure of potassium hydroxide to be 8 mm, of mercury 
at 795®, and the relative volatility of different potassium 
compounds is in decreasing order : hydroxide, chloride, oxide from carbonate, 
sulphate, and natural silicates. 

The cooling curve for sodium hydroxide is illustrated in Fig. 17. The transition 
point from a- to ^-sodiuin hydroxide is 299*6® ±0*5®, that is, 19® below the m.p. ; 
from a- P-potassium hydroxide^ 248® ±0*5®, that is, 112® below the m.p. ; from 
a- to P^Tubidium hydroxide, 245® ± 0*5®, that is, 40® below the m.p. ; and from a* to 
Premium hydroxide, 223® ±0*5®, that is, 49® below the m.p. 

The latent heat of fusion of sodium hydroxide per gram is 40*0 cals. ; potassium 
hydroxide, 28*6 cais. ; rubidium hydroxide, 15*8 cals.; and o^Bsium hy^pxidip$*vH' 
10*7 cals. The corresponding values in calories per mol. are 1602, 1606, 1614, andv 
1609 cals, respectively. The heat of transformation of sodium hydroxide per gram 
is 24*7 cals. ; potassium hydroxide, 27*1 cals. ; rubidium hydroxide, 16*8 cals. ; 
and caesium hydroxide, 11*8 cals. The corresponding values in calories per mol. 
are 990, 1522, 1702, and 1763 cals, respectively. 

Molten sodium and potassium hydroxides are completely miscible in all propor- 
tions, and the f .p. curve has a minimum at 187® with a mixture containing 38*7 atomic 
per cent, of KOH, that is, 48*97 per cent, of KOH by weight. The transformation 
temp, of the cooling solid alloys furnish a curve similar in form to the f.p. curve, 
and the solid eutectic has a transformation point at 181®. Mixtures of potassium 
and rubidium hydroxides are completely miscible, and they give a curve with two 
maxima ; one rises from the m.p. of potassium hydroxide 360*4® up to 399® with 
87 atomic per cent, of KOH, and the other from the m.p. of rubidium hydroiK^ide 
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301® up to SSI"® with 22‘3 atomic per cent, of KOH. The intervening minimum is 
at 3p6® with^fiS'd atomic per cent, of KOH. TJhere is no eyideiace to show that the ^ 
jTO&mtill fe^ms'etit de^ite compound. ' The tiaiisition temp, of ^Eo cooling Solid alloy ’ 
'futilfah alj^hAlogous curve. ,S6diuin and rubidium hydroxides, jire not, miscible 
betweed o'olandt 37 *6 atomic per cent, of the latter hydroxide. There is^a maximum 
on the curve at 278® and 30 7 atomic per cent, of rubidium hydroxide which may 
j^or ^p^^spoud with the formation of a compound BbOH.2NaOH. The 

*urve are near 237® with about 83 and 48 atomic pet cent. 

The heat of formaiiott ol the alkali hydroxides ; 2® E+O-J-H— BOH, is between 
llrO and 117'3 Cals, for lithium, 101*87 to 102*7 Cals, for sodium, 101*7 to 103*17 
Caljs.for potassium, 101 *99 Cals, for rubidium, and 101 *31 Cals, for csesium hydroxide. 
The thermal value of the reaction RH-0+Il4-aq~B0Haq is 117*5 Cals, for lithium ; 
111*8 to 112*6 Cals, for sodium ; and 116 5 to 1171 Cals, for potassium hydroxide. 
The heat of the reaction 2R4-0+aq=2R0Haq is 166 0 to 166*62 Cals, for lithium ; 
144*2 to 166*26 Cals, for sodium ; 159*8 to 164 56 Cals, for potassium ; 164*8 Cals, 
for rubidium ; and 172*13 for caesium hydroxide The heat of the reaction 
2B+0+H20=-2R0H is 135 38 Cals for sodium, and 137*98 Cals, for potassium. 
The heat of the reaction R20-}-Il20-f aq=2ROHaq is between 56*6 and 63*9 Cals, 
for sodium ; 67*4 to 75 0 Cals, for potassium ; 8() 0 Cals, for rubidium ; and 72*15 
to 80*6 Cals, for caesium. The heat of formation of an aq. soln. of the hydroxide 
by the action of the metal on water has been discussed in connection with the 
metals. The heat of solution of the alkali hydroxides 26 depends on the amount , 
of water with which they are mixed. The heat of dilution of lithium hydroxide 
LiOH with 111 raols. of water is 4*147 Cals., and with 400H2O, 6*8 CaJs. — 
R. de Fororand gives 4*477 Cals, for the heat of soln. at 24®. J. Thomsen found 
the heat of soln. of a mol. of KOH 3H2O or of NaOH 3H2O in n mols. of water to be 
in large calories ; 


n .... 2 4 6 17 22 47 97 197 

KOH.3HjO . . 1-50 2 10 2-3(5 2-68 — 2 74 275 278 

NaOH.3H,0 . . 213 2 89 3 09 3 28 3-26 3-11 3 00 2 94 

The thermal effect is positive for both hydroxides. If a start be made from the 
anhydrous oxides, n in the tables must be increased by 3, and 13 29 Cals, added to 
the numbers for potassium hydroxide, and 9 '94 Cals, to the numbers for sodium 
hydroxide. There is a maximum with sodium hydroxide corresponding ■with 
NaOIl-}-20HaO,8o that if a soln. containing more than this amount of water is diluted, 
there will be an absorption of heat. M. Bcrtlielot inve.stigated this subject further, 
and found that on adding 41 mols. of water to a mixture K0H-b3*6H20, +2*41 Cals, 
were developed ; with the addition of .5OH2O to KOH 4-4*llH20, +1*44 Cals., with 
to the mixture KOH+U*0H2O, +0*16 Cals. If water, I7H2P, be added 
lito a soln. containing K0H+15*3H20, 0*045 Cals, are evolved, but with the addition 
• of 79H2O to the initial mixture, 0*036 Cals, are absorbed, and heat is absorbed by 
the dilution of soln. containing more water than is represented by K0H+32‘3H20, 
thus, the thermal value of the dilution of this mixture 2IH2O is —0 036 Cals., and 
of the mixture K0H+55*3H20 with 56H2O, —0 026 Cals. Similar remarks apply 
to sodium hydroxide, a soln. of NaOH in «H20 at 10''-12" develops 23n~^ Cals, 
on dilution with (200— n)H20, when n lies between 2*5 and 5*6 ; {23n“2— ll*5n-"i) 
Cals, for n between 5*6 and 18*4 ; and — 11*5 m'“^ Cals., when n is greater 
,than ,18*4. Similarly, for potassium hydroxide at 15°, the heat of dilution 
'is 23»'''* Cals, when n, the number of mols. of water in which the hydroxide is di+ , 
solved, is not greater than 11 ; between n— 11 and n=32, the heat of dilution is 
(23 w“2_2-3w~i) Cals. ; and when n exceeds 32, the heat of dilution is — 2*3»~i 
Cals. For the heat of dilution ; C8OH+32OH2O, N. N. Beketoff gives +15*88 Cals,, 
and for the dilution of rubidium hydroxide with an excess of water, K. dc Forcrand 
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.rives 14-264 Cals, at 15^ and for c.mmm hydroxide, lb-423 Cals. F. R. l>ra(! 
hirestiaated the beat.s of dilution of soln. of sodium and imtassum hydroxide.-, 

J T I owitz found the solubility of potassium hydroxide to, be such that it .is- 
solved in half its weight of water ; A. Bineau found yatw. dissolved two-thir.: . itn 
wight of sodium hydroxide, and its owil weight of potassium hydroxide ; H„d 
J Dalton compiled the first tabic of tho solubihtj^f the last-named com,,. u„d. 
li Schiff and (1. T. Oerlach calculated wlubiUty tables from Dalton’s data. 
Tlie solubility curve of lithium hydroxide has a eutectio at — 18° with || 2 
per cent of lithium hydroxide at -59°, the soln. contains 4-31 per cent. Lidll ; 
and the .soliil pha.se with ice, at t he eutectic, is the monohydrateof littlium hydroxide, 
LiOIf.ILO, of sp. gr. 1-829 .; it has a heat of soln. of 0-720 Cal. at 18 . Tiic 

voluhilitv of the monohydrato is : 


iVf coni. LiOH . 


10- O'* 

11 - 28 


45 - 6 ^ 

JI-68 


12-25 


77*3^ 

1301 


80*0^ 

13-27 


100 ^ 

14-90 


Loe of C. Gottig s LiOH-^HoO precipitated from alcoholic soln. has iiof 
mcd. According to W. Ditfmar, the percentage amount of LigO in 


The existence 

been confirmed. _ 

sat. aq. soln. of lithium hydroxide at temp. 0 can be represented by 6 •6750+0*0034(16^ 

4-O*OOt)30“. The solubility curve of sodium hy' 
droxide,^® Fig. 18» shows the conditions under 
which the mono-, di-, tri-, tetra-, penta-, and 
hepta-hydrated sodium hydroxide's are stable. 
The anhydrous hydroxide passes into the mono* 
hydrated sodium hydroxide^ NaOH.H 20 , below 
64*3'^ ; and the monohydrate is deposited when a 
hot soln. of the hydroxide is cooled. The mono- 
hydrate passes into the dihydrate of sodium 
hydroxide, Na0H.2H20, at 12*3'^. The same 
hydrate is obtained iron a 9G to 97 per cent, 
soln. in alcohol. The dihydratf^ passes into the 
3|-}iydrate, Na0H.3’5H20, at or continues 
down to — 1*3\ wlion it passes into tli(' trihydrated 
sodium hydroxide, NaOH.aH.^O (or possiblv 
3‘in20) ; the trihvdratc' at —3' passes into the p- 
tetrahydrated sodium hydroxide, ^-NaOH.dH^O ; 
and this, at -12*3°, into tin* pentahydrated sodium 
hydroxide, NaOH.bH.jO, which forms a eutectic 
with ice at —32^ and 19 8 per cent, of NaOH. 
The 3*5 hydrated sodium hydroxide is deposited in tabular mouoclinic crystals 
when a soln. of soda-lye of sp. gr. 1*365 is cooled to —8''. According to 
S. U. Pickering, these crystals melt at 15 T)'’. coiTe.s])onding with the maximum at 
15*55 ' in the solubility curve ; this curve has a sliglit break at 5*4*^, whem the 
so-called a-tetrahydrated sodium hydroxide, a-Na()]r.4H20. appears. This 
changes into the pentahydrato at —18'', and this in turn into the heptahydrated 
sodium hydroxide, NaOH.THoO at *-24'^'; the lieptahydrate forms a eutectic with 
ice at — 28^^, and 19 per cent, of XaOH. It is c onv(‘ni<‘iit to take for the soliibili(y 
of sodium liydroxide in IDO grms. of soln. : 



IDg. 1 8.-“ -Equilibrium Curvu of 
Sodium Hydroxide and Water. 


NaOTI . 


0" 

29 •« 


10 ’ 
34 0 


20’ 

52-2 


.lO’ 

54 -.3 


40 ’ 
56 -3 


00 ” 

63*,^ 


80 ’ 

76*8 


110 ’ 

78*5 


The solubility of sodium hydroxide at —20° is 16 0, and at 192°, 83 9. The solu- 
bility curve of potassium hydroxide shows the existence of the mono-, di-, and 
tetra-hydrates. There is a eutectic near —66° with a 30 per cent. KOH soln. 
between ice, and tetrahydrated potassium hydroxide, KOH.4HoO, which passes 
into dihydrated potassium hydroxide at about —32-7°. The dihydrato is deposited 
when eonc, aq. .soln. arc cooled. 1'hn small acute rhomboliedral crystals melt at 
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about 35 ’b®, and they were described by P. Walter 3® in 1836. The dihydrate passes 
into the large radiating crystals of monohydrated potasdtim l^dTOZide at 32*5®, 
and these become anhydrous at about 143®. The solubility of ^otai^ium hydroxidO ’ 
grams per 100 grips, of soln, is : • . t i- 

-3t7® 0* 10* 20° 80° S2’5* . !&“ 143° 

KOH , . 30-8 43-8 49-2 60-7 52-8 5576 57-44 64-03 7573 

^ >> . I ^ 

KOH.4HaO K0H.2H*0 KOH.H^O 

According to W. H. Schramni, an evolution of gas is sometimes noticed when fused 
sodium hydroxide is dissolved in water ; the greater quantity of this gas is air 
contained in the hydroxide ; an excess of oxygen may be present. This is thought 
to be duo to the decomposition of an alkali compound of a higher ferric oxide, say 
sodium perferrile, which is possibly formed : 2Na0H+02=Na202 

> Na202~j~Na20.Fe203— 3^0204. ISra20 '-|~!Na20 j and 1^320.1^0203*^^112^2^^2^ 
+Na20.Fe204, The pungent odour of the gas is possibly due to the mechanical 
carrying of sodium hydroxide soln. by the bubbles of gas. 

The rubidium hydroxide of commerce is a monohydrated rubidium bydroxid6y 
Kb0H.H20, which melts at 145^, and at 350*^ it is completely dehydrated to BbOH. 
At a higher temp, it begins to peroxidize and attac k the erucible. The heat of soln. 
of the monohydrate is 3*702 (-als. at 15*^. The commercial ciesium hydroxide is 
likewise a monohydrated emsium hydroxide, CsOH.HoO ; it melts at ISO"", and is 
completely dehydrated between 400*^ and 500*^, and at the same time the mass 
begins to peroxidize. To prepare the pure hydroxide, it must be dehydrated in a 
current of dry hydrogen at 500"^’. The heat of soln. of the monohydratc is 4*317* 
at 15°. 

According to F. A. H. Schreinemakers and A. Filippo, ^2 jco gnus, of an aq. 
soln. of rubidium hydroxide contain 03*39 grms. EbOH at 30° ; the corresponding 
numbers for potassium, sodium, and lithium hydroxides are respectively 56, 76, 
64*3, and 11*27. Consequently, the solubilities of the alkali hydroxides increase 
as <1ic at. wt. of the alkali metal increases. 

The specific gravities of soln. of lithium hydroxide ^3 at 18°, are : 

Percent. LiOH • 1*61 2*5 339 60 7-5 

Sp.gr. . . .1*0178 1-0270 1*0380 1 0547 1*0804 

According to J. G. Mac.Gregor, the volume of the aq. soln. of lithium hydroxide is 
smaller than tliat of the contained water. The sp. gr. of soln. of sodium and 
potassium hydroxide with the corresponding percentage compo.sition are indicated 
in Tables VI and VII. A sat. soln. of potassium hydroxide at 15° has a sp. gr. 


Tabt^k VL- -Pkr Cent, of XaOH in Solutions of Sooiu.m Hydkoxide of Spkctfic 
Gravity 1*00 to 1*53 at 1.1^* (Water at 4® Unity). 


Sp. gr. 

i 0 

i 

1 

2 

3 

4 

5 

6 

7 

8 

0 

10 

: 0 

0*80 

1 *09 

2*00 

3*50 

4*34 

5*20 

j 6 13 

7*05 

7*95 

11 

8*78 

9*07 

10*50 

1 1 *55 

12*49 

13*34 

14*10 

1 10*06 

16-00 

16*91 

1-2 

17*81 

18*71 

19*05 

20*00 

21*47 

22*33 

’ 23*23 

! 24*13 

25 04 

25*96 

1*3 

20*85 

27*85 

28*83 

29-80 

30*74 

31*75 

j 32*79 

I 33*73 

34-71 

3508 

1*4 

30*07 

37*05 

38*07 

39*07 1 

40*08 

41*70 

! 42*76 

i 43*80 

44-33 

45*37 

1*5 

1 40*94 

48*00 

49*05 

50*10 1 

I 

— 

— 






1*6355, and has 51*7 per cent, of KOH. A normal soln. of sodium hydroxide at 
18° has a sp. gr, 1*0418 (water at 4° ==:unity) and a normal soln. of potassium 
hydroxide under similar conditions has a sp. gr. of 1*0481. The liquor potasses 
of the Pharmacopoeia has a sp. gr. about 1*058, and contains about 5 per cent, of 
the hydroxide, KOH. 

The influence of tonip.^^ on the sp. gr. of soln. of sodium hydroxide is indicated 
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in Table VI. This gives an idea of the cubical expansion of these solns. when 
heated. The volume V of an aq. soln. of potassium hydroxide, which has a sp. gr. 
bf 1'2738 at 0», is r«l+0*0004150d+0*00000057752 for values of 6 between 
13* and 100“.!'. ,5 ' ’ 

Tablk VII.— Thk SPEcmc Gravities op SoLtmous op Sodium HyoEoxioe at 

Dippehent Temperatures, 












ibo" - 

o°c. 

''V. :V. 

10" 

20" 

30" 

40" 

so* 

60" 

70“ 

-4 

00‘ 

1-367 

1 -302 

1-.357 ; 

1-.353 

1*348 

1*342 

1-336 

J-331 

1-326 

1-321 

1-316 

1-357 

1-352 

1-347 

1-34.3 

1-337 

1*332 

1-327 

1 322 

1-316 

1-311 

1*306 

1-347 

1 -342 

1-338 ■ 

1-333 

1-327 

1*322 

1*317 

1*312 

1*306 

1-301 

1*296 

1-338 

1 -332 

1 -328 

1-323 

1-317 

1-312 

1-307 

1-302 

1*296 

1*291 

1-286 

1-328 

1-322 

1-318 ; 

1-313 

1-307 

1-302 

1-300 

1-292 

1*286 

1-280 

1*274 

1-318 

1-313 

1-308 

1-303 

1-297 

1-292 

1 -286 

1-281 

1-275 

1*269 

1*263 

1-308 

1-303 

1-297 

1-292 

1-287 

1*282 

1 -276 

1-271 

1-265 

1*259 

1*263 

I-29S 

1 -293 

1-287 ; 

1-282 

1-277 

1*272 

1 ‘206 

1-261 

1-255 

1-249 

1 242 

1-288 

1-283 

1-277 1 

1-272 

1-267 

1-262 

1-256 

1*251 

1-246 

1-239 

1*232 

1-278 

1-273 

1-267 1 

1-202 

1-258 

1*252 

1-247 

1-242 

1-236 

1-231 

1*225 

1-268 

1-203 

1 -257 

1-252 

1 -248 

1*242 

1-237 

1-232 

1 *220 

1-22J 

1*215 

1-257 

1 -252 

1-247 

1-242 

I -238 

1-233 

1 ‘228 

1*223 

1 218 

1-213 

1-207 

1-247 

1-242 

1-237 

1-232 

1-228 

1*223 

1-218 

1*213 

1-208 

1-203 

1-197 

1-237 

1-232 

1-227 

1-222 

1-218 

1*212 

1 -208 

1*202 

J-198 

1*192 

1*187 

1-227 

1-222 

1*217 

1-212 

1-208 

1*202 

1-198 

1-192 

1-188 

1*182 

M77 

1*217 

1*212 

1-207 

1-203 

1-198 

1*192 

1-189 

1-184 

M79 

1*173 

1*168 

1*207 

1 -202 

1-197 

1-193 

1-188 

1-JH4 

1-180 

1-175 

1-109 

1*163 

i-ir.8 

1*197 

; 1*192 

1*187 

1-183 

; 1-178 

> 1*174 

1-169 : 

1-164 

1-158 

1*153 

1*147 

1-187 

1*182 

1-177 1 

1-173 

1-106 

i 1-164 

1-159 ' 

1-153 1 

1 1-148 

1*143 

1-137 

1-176 

! 1-172 

! 

1-107 

1 1*103 

i 1*150 

: 1-154 

1-149 : 

1-143 j 

1 1-138 

1*132 

1 

J*127 

1-166 

1 1-162 

1 1-157 

1*153 

1-146 

: 1-144 

1-139 i 

1-133 , 

1-128 

M22 i 

1-117 

1-150 

1-152 

j 1-148 

1 1-144 

1-137 

' 1-135 

1-130 , 

1-J24 : 

: 1-118 

1-113 1 

1-107 

1-140 

, 1-142 

M38 ! 

1 1-134 

i J-127 

I 125 

1120 

1-114 i 

1 M08 

M03 ; 

1 -097 

1*136 

i 1-132 

1-128 

1-124 

i 1-118 

: 1-116 

I-IJO ' 

‘ j -ioi ; 

; 1-099 

1093 

1087 

1-120 

1 1*122 

1 

1-118 

1-114 

1 1*108 

1*100 

1-JOO 

1-094 ! 

1 1-089 I 

1-083 I 

1 

1-077 

1-115 

1-112 

1 

1-108 

rioi 

! 1-099 

■ 1-097 

1-091 i 

1*080 , 

i 

1-080 i 

1*074 i 

J -068 

1-105 

1 1102 

; 1-098 

1 095 

1 1-090 

1 -087 

1 082 

1-070 

1*070 ' 

1-064 

1-058 

1 094 

i 1091 

' 1-088 

1-080 

1 080 

: 1-078 

1*073 ; 

1-007 , 

1*001 

1 -056 

1-048 

1-084 

i 1-081 

: 1-078 

1-070 

1 -070 

1 -068 

1-063 ! 

1-057 j 

1*051 

1-046 

1-040 

1-074 

1-071 

; 1-068 

1000 

1 -000 

, 1-058 

J -053 ' 

1 

1-047 j 

1-042 1 

1*036 

1*030 

1004 

! 1-061 

; 1-0.58 1 

1-050 j 

I -050 

i 1-048 

1 

] '043 i 

t 

1-037 ! 

1*032 i 

1-026 

1 -020 

1 054 

1-051 

; 1-048 

1 1-040 

J-040 

: 1038 

1-033 ; 

1 027 ! 

1-021 ; 

1-013 

1-010 

1 -044 

; 1*041 

; 1-038 

! 1 030 i 

1-030 

> 1-028 

1-023 , 

1-017 

i-oii 

1*006 

1-000 

1 -034 

! 1031 

! 1-028 

1-020 

1-020 

1 1-018 

1-013 1 

1-007 

1-001 1 

0*996 

0*990. 

1*024 

j 1-021 

j 1-018 

i-oio 

1-010 

i 1-008 

1-003 

1-997 

0-901 j 

0*986 

a;980;^>' 

1*014 

1 I'Oil 

1 1-008 

i-ooo 

i-ooo 

i 

1 0-998 

0-993 j 

0-984 

0-981 1 

0*976 

0*970 


Table VIII.- -Per ( ent. oe KOK in Sulutions ok Potassium Hyiiuoxide of Specific 
(JkAVITY I 00 TO 1-.-.4 .\T l.V (VV.ATKR AT 4“ UNITY). 



: 0 I 

i ^ ; 

1 

o 

1*0 

0 

1-18 

2-28 

11 

10-87 

11-92 ; 

12-96 

1*2 

21-17 

22-16 

23-15 

1-3 

30-91 

31-84 

3 - 2 -78 

1*4 

I 40-09 

! 40-98 

4 1 -89 

J -5 

! 48-78 

1 49-64 

50-48 


3 

4 

5 


3-36 

4-44 

5-53 

.0-60 

14-01 

15-04 

16*08 

17-13 

24-14 

25*13 

26*10 ! 

27*07 

33-70 

34-63 

35*55 

36-46 

42-76 

43-63 

44-60 

48*37 

51-32 

52*15 


! i 


7 

8 

0 

i 

7-68 

8-76 

9*82 

18*13 

10*15 

20*37 

28-04 

29*00 

29*96 

37-37 

38*28 

39*18 

46-23 

27*09 

47*93 


i 
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The diffusion coefficients of soln. of sodium and potassium hydroxides ot different 
^^ponq.,, between 12'' and 13-5®, are, according to J. Thovert^;^36^^ 

Vo O'O . 0‘1 . 0‘02inols.pw:1tlm, 

NaOS: . ■>. 0-986 l-04«f ■ 1-11 '• < 1-12 0IH. 

KOH . . 2-43 1-86 1-72 1-68 „ 

of aq. soln. of potassium and sodium hydroxides are, according 

X 0 5 0'25 0*25 normal. 

NaOH . 1*2355 1*1087 1*0560 1 0302 

KOH . 1*J294 1*0637 1*0313 1*0130 

E. Briner represents the eoelT. of viscosity of soln. of sodium hydroxide containing 
' w grms. per litre at 20° by 0 ()lOOl5 “H)*0000457tc+0'0()(KX)032lM^**^ ; and for potas- 
sium hydroxide, O*010(}l5+()‘00()O18?c-l-0'(X)000C04?/;2. 0. Pulvermacher also 

measured the viscosity of soln. of sodium hydroxide. W. C. Rontgen and 
J. Schneider ^8 measured the compressibility of soln. of lithium and potassium 
hydroxide ; Y. Schumann of sodium hydroxide ; and O. Schmidt of potassium 
hydroxide. 

The boiling points of soln. of the ( wo hydroxides,'^® determined by G. T. Gerlach, 
are indicated in Table IX. The vapour pressures of aq. soln.^® determined at 0°, 
also by G. T. Gerlach, are .shown in Table X ; and if p be the vap. press, of the solvent, 

TablJ; IX. — Boiling Point.s of Solutions of Potassium and Sodium Hydboxides 
BETWEKN 100® AND OVER 300® FOR DIFFERENCES OF 10®. 

Sotliimi Hydroxide. 






— 

— - 

■ 

1 


. 

— — 

1 - - 


0" ! 

10" 

20^ 


40^ 

o 

1 60“ ; 

70“ 

f i 

1 90® 

100 

00 

23 07 

33*77 

41-22 

48*31 

54*61 

! 60*24 

1 

65*15 ! 

1 

69-69 I 

73*80 

200 

77*52 

80*97 

84*03 

80 -.IS 

. 88*89 

90*91 

! 93*02 

94*56 

95*92 ; 

97*28 

300 

98*53 

99*55 

— , 



— 



- 

i 



Potassium Hydroxide. 


100 

1 00 

25*65 j 

36*51 

i 43*42 

1 48 0.5 

1 i 

.51 -.57 .54-88 .57-80 | 60-42 i 

62-73 

200 

1 64*93 

06 -Si) ; 

68*73 

1 70*67 

1 4-2-46 

74*07 75*76 77*52 1 79*05 j 

! 80-32 

300 

j 81*63 

82 '.n) 1 

84*03 

85*11 

i 86-16 

j * ■“ 



Table X. — ^Vai*our Pressures of Aqueocs Solutions of Sodium and Potassium 

Hydroxides at 0°. 



Sodium hydroxide. 



roiassium hydroxide. 


Cone. 



Cone. 


1 

Orni. per 100 
grm. water. 

Nonuality. 

nelative 
lowerinff 
ot vapour. 

Vap, press, 
mm. -Hg. 

Gnns. iier 100 
rms. water. 

Normality. 

Relative 
lowering of 
vap. i>ress. 

1 Vap. press. 

1 min. ng. 

5*42 

1*355 

0*0414 

4*429 

5*572 

0*995 

0*02832 

; 4*489 

11*78 

2*945 

0-1030 

4*144 

10*86 

1*939 

0*0571 

; 4*356 

„ .20-50 

5-125 

i 0*2201 

3*598 

18*10 

3*232 

0*0933 ( 

1 4*196 

- 27-24 

6-810 

0*3234 

3*118 

27*14 

4*846 

0*1657 1 

! 3*898 

35*18 

8*705 

0*4530 

2*516 

40*40 

7*214 

0*2495 

3*470 

47*44 

11*86 

0*6482 

1*624 

66*86 

11*94 

0*4386 

2*593 

59*60 

14*90 

0*7756 

1*027 

107*2 

19*14 

0*6055 

1*547 





174*9 

31*32 

0*3614 

0*038 
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« that of the sohh. the relative lowering of the vap. press, b (p-p,)/p. G. Ta, 

f*! .lAtArinined the lowering of the vap. press, pt these soln. at 100'' 

maximum vap press, of a sat. Iq. sola, of spSum is i.(, , 

«a of potass him hviitiwido, O'S mm. r F« 0'» oHrt^ l^drtxido psr i, V 
oram of wiitrt »t ItO'. O. Tampmiiii gm-s a lowoni^ of th« OW- pMss. of l.Vii 
tf mercury • and with 10 and 2 0 inols., a lowering of 37-4 mm. and 781 
resnectivelV ' C. Dicterici has measured the vap. press, of 8o|n. of potass.uni 
hvaroxidc ■ and G. R. Paranjpe, of soln. of sodium and potassium hydroxides. 

■ The lowering of the freezing point of a 0T27iV-8oln. of Irthmiti hydrf.M.i,. 
is but half tlic iioruud value for LiOlI, and it is therefore assumed that ionization 
is complete ; the f.p. of sodium hydro.Kide falls 0-lK)o° per gram of the hy.liatc 
in loo ^zrnis. of water, and not of the anhydrous hydroxide in ; 

and with pota.ssiiun hydroxide, the f.p. falls 0*399'" per gram of hydroxide in lUi) 

gnus, of water, and the lowering is not jiroportional to the ainount of anhyflrons 
hydroxide in soln.. hut ratlitT to the anunnit of hydrate. K0If.4H20. 

The specific heats of at/, soln. of sodium rind potassium hydroxides are sIjowh 
in Table XI. If. flannnerl rt»present.s tln» mol. ht. O of a<p soln. containing n inols. 
of water per mol. of KOII hv tin* (‘xpression : C~ dH/?-28t)8 f 421 *1 1//? — 1027*7 t/y/-, 
and for XaOJf, r:.-18/y 4~()*43 f()*43 hir>9*8r»0v - 23r>*77/yy“. According to 

T. W, Richards ainl A. \V. Rowe, the .sp. ht. of soln. of KOll f ltK)fLX) between 

15-9*^' and 20-^ is 0*9.i(i8 ; of XaOJI^ 200Ho(), 0*9827 : of XaOH j lOOlI./), 


Tabuk XI. — SrKCinc Hk.vts oe AQirtuics Solution's ov Pota.ssium .\.no Soom:m 

Hvj>HoxinKs. 




Sodium Hydroxitlo. 



Per cent. ^20. 

1 will R01i.R!f.^O. 

Sp. ht. 

Mol. ht. 

.MoI.ht.wlljO.Ci. 


:38’34 

’ 80-0 

o-sh> 

GG-0 

400 

4-25-1 

19-82 

1 l5G-r> 

O-HGO 

I3G-0 

110-5 

i- 10*5 

7-21 

' 4 : 50 -1 

0*021 

307-4 

300*1 

f- 7-3 



J\)tHssiuni 

ny<h’Oxi<-k-. 



.32-72 

; 143-5 

0-G07 

loot) 

87-5 1 

4 12-5 

14-98 

3143 

0-807 

253 -G 

258 -.5 ! 

^ .5-0 

G-28 

742-G 

0-000 

G7:ks 

092-0 

- IS-H 


O OG()4 ; and of LiOlF+lWHoO, 0*981:3. The mol. lil . of the soln. LiOH+l(K)HijO 
is 1791 cals., of NaOff M(M)M.A), ITSoCals., and of KOlf f lOOH/), 1777, showing 
that the mol. ht. diminish as the at. wt. of tin* niefal iii(T(?ases. 

The refractive indices of aq. soln. of sodium and ])Otassiuin hydroxides, for the 
7)-line sii. 17*0 \ according to B, Wagner,'^’^ an* : 

- i e H in 15 20 per cent. 

XaOH . 1 ‘:3;j8He 1 •:i4:}ss i -.‘it?? i ar>:i34 j •:ir>7r).‘> i -.niTT.’i — 

KOH . i;{:i7in j:i 4 Ioi 1:1440.7 i:i4S():{ I3.5t)2i i:36(i58 

E. Rrincr s formula for the index of refraction /x for the /.)-lirn^ for .sodium hydroxide 
of cone. IV gnus, per litre, is /a r-d \33:34^-0*0(J02l)94?.e -0‘()(JOU00289u*2 ; " and for 
potassium hydroxide, /t .^1*3342 | 0*(i001866w;-~-0*00(jri()()ll2?r2. 

In 1801, H. Davy stated that “ dry caustic potasli and soda are conductors 
of galvanism when rendered fluid by a high degree of heat,*’ but the fact made 
little impression, for, about ten years later, he said that water is necessary for these 
substances to conduct clocdricity. M. Faraday made observations on the electrical 
conductivity of fused potassium hydroxide. The electrical conductivities of aq. 
soln. of the alkali hydroxides 45 .^rc indicated in Talilc XII, where v denotes the 
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number of litres that contain a mol. of the hydroxide in soln. The electrical 
conductivity of a normal soln. of sodium hydroxide at 18® is 146x10':“^; and of 
potassium hydroxide, 170x10““’'. M. H. tan Laeir electrolyzed JV^soln. of sodium 
hydroxide, and found the yield 17 6 per cent, of that indicated by Faraday’s 
law ; and is dependent on temp, j hydrostatic press., diffusion, and electrical osmosis. 


TA33Lr? Xll.— MoLEct7LAK EnKCTRiOAn Conductivities ov Aqueous Solutions of 
" '* the Alkali Hydboxtdes. 





F. 

Kohlraii^ch at 18^. 



H. T. Calvert at 25*. 



0*100 j 

0*200 

‘ 0*500 

10 

2*0 

4*0 

! ® 

16 

i 

; 32 

LiOH 

— 1 

80 0 

105*4 . 

125*3 

138*8 

189*1 

i 198*3 

1 204*7 

■ 208*9 

NaOH 

18-96 1 

15*2 

124*4 

148*8 

103*4 

207*3 

, 217*8 

i 222*4 

227*7 

KOH 

42-3 1 

91*0 

150-4 

172*1 

185*0 

228*9 

237*2 

1 243-9 

. 240*3 

KbOH 

. 

. -- 


^ . 


240*0 

i 242-3 

; 249-1 

i 250*9 

ChOH 

— : 



- - 


241*9 

245-6 

! 261-4 

: 255*7 

j 


The wspecific electrical conductivity #c of sodiuni hydroxide at a temp. 0® is 
/c=KQ(l-[-a0d-ftd2), where a, and h for 2'61 per cent. soln. arc respectively 0*0256, 
0*0298, and 0*000009 ; and for 42*7 per cent. soln. 0*0639, 0*0889, and 0*004467 
respectively. For potassium hydroxide where a=:^0*01936 

and fe-:‘0*6000393 for i'rr=0*001 ; and u=-0 01901 and 5=0*0000323 for v=0 01. 
The transport numbers of the ions of lithium hydroxide have been measured by 
.1. Kuschel ; of sodium hydroxide by G. Wiedemann, J. Kuschel, 0. J. Lodge, and 
W. Bein ; and of potassium hydroxide by J. F. Daniell, E. Bourgoin, G. W iedemann, 
and B. 1). Steele. J. Kuschel's results arc for the cation of 0*201iV-, 0*402^"-, 
and l*495A'-soln. of LiOH, 0*848, 0*862, and 0*890 respectively; for 0*108iV-, 
0*285 A*, and 1 *084^^-80111. of NaOH, 0*843, 0*800, and 0*827 respectively ; and for 
0*103iV-, 0190A"-, and 0*804iV-soln, of KOH, 0*742, 0*730, and 0*739 respectively. 

The large ionic cone, of the hydroxylic ions in soln. of the alkali hydroxides is 
connected with their strong basic properties. This conclusion has been confirmed 
by measurements of the electrical conductivities, the effect on the velocity of hydro- 
lysis of organic esters, and the heat of neutralization.^^ The d6gre6 of iOllizution 
of a soln. of sodium hydroxide containing 0’0()2 mol. per litre is 94*1 per cent. ; 
1*0 mol., 72*2 per cent. ; for 0*00107 mol. of potassium hydroxide, 98*0 per cent. ; 
and for 0*1109 mol. KOH, 82*3 per cent. According to S. Arrhenius, the heat of 
ionization of sodium hydroxide in ^^A'-.so!n. is —1*292 Cals, at 35®. The decom- 
position potential of a 2Ar-KOH soln. is 1*70 volt . The decomposition potential 
of molten sodium hydroxide at 390® on two points of the cathode is 1*16 and 
2*06 volts — one refers to hydrogen, the other to sodium ions ; at higher temp., the 
lower point is not so sharp. M. Chow calculated the free energy of potassium 
hydroxide in aq. soln. from the e.m.f. of cells of the type Hg|HgO, KOH|K^n,aigam 
with the alkali at different cone, and at 25®. 

The dielectric constant of a 5 per cent. soln. of potassium hydroxide is 7*12,^^ 
Jh)tassium hydroxide is diamagnetic^^ ; its magnetic susceptibility is — 0*35xl0~<' 
at 22®. 

As previously indicated, lithium hydroxide begins to decompose into the 
monoxide when heated above its m.p., but the other hydroxides are not so 
readily decomposed, and although some decomposition does occur at a red heat, 
the monoxides of the other alkali metals cannot be obtained in this way. When 
the hydroxides are heated in air some oxygen is absorbed, and the product then 
furnishes reactions indicating that some peroxide has been formed. 

The alkali hydroxides arc strong bases, and they form neutral normal salts by 
reacting with tlic strong acids ; the normal salts with the weak acids- -c.r/. carbonic, 
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boric, orthopliosplioric, or silicic acid- -have an alkaline reaction. According to 
B. Piotet,®^^ cone, sulphuric acid does not attack the hydroxide at temp, below 
— 80‘'. When alkali hydroxide is fused with most of the $Uioatesi phosphates, or 
sulphates, a soluble alkali salt is formed, and hence fusion with potassium dr sodium 
hydroxide (or carbonate) is a favourite method for' opening up tliese insoluble coin- 
poiinds preparatory to analysis. The sodium hydroxide is usually preferred to the 
potassium compound because of the greater ease ^Yith which the. sodium. are, 
subsequently >vaslied from the precipitates. Soln. of the iilkuli hydroxides, pre- 
cipitate the hydroxides of most of the metals front soln. of their SaitSrkncT/ with 
the exception \)f the hydroxides of the alkaline earths, these hydroxides are very 
sparingly soluble in water. The hydroxides of lead, antimony, tin, aluminium, 
chromium, and zinc are soluble in an excess of the reagent in virtue of the formation 
of soluble double oxides ri)(OK) 2, potassium plunibite, etc. Soln. of the 
alkali hydroxides hydrolyze ethereal salts. 

For the action of OZOne on the alkali hydroxides, see the alkali tetroxides, and 
ozone. Fluorine reacts in the cold, forming the alkali fluoride, water, and ozonized 
oxygen. Chlorine reacts with sodium or potassium hydroxide in an analogous 
manner: 2010-1 lK011-f21Io()-f02. but only at a red heat ; in the cold, various 
oxychlorine compounds are forniod. The reactions with bromine and iodine are 
similar. A(‘cording to A. Rcychler,^^ the reaction with chlorine peroxide corresjionds 
cold with the equation 2CI()2 +-2KOH— -KC102“t KCIO^ -{-JfoO. Sulphur gives with 
the alkali hydroxide - soln. or solid- -a mixture of the sulphide and thiosuljduite. 
The reaction between sulphur and the alkali lye is the mor(‘ rapid the more cone, 
the soln. ; a soln. with but 0*4 grm. of sodium hydroxide jkt litre is said not to be 
attacked cither cold or hot ; the solids oombiiie by mere trituration in a mortar. 
At the m.p., fused potassium hydroxide and sulphur form the pentasulpliide and 
a sulpliate. Selenium under similar conditions gives the selenide and selenite. 
Nitric oxide is gradually absorbed by potasli lye, forming nitrous oxides and 
potassium nitrate. According to F. Ernieli, the r(‘a<'tion at 125^ with anhvdroiis 
hydroxide corresponds with iKOH+ONOt^No-l 4K 1^02+21 >. E. C. f<Vankliii 

and 0. A. Kraus found sodium hydro xid<‘ to l)e nlinosi insoluble in liquid ammonia. 
M. Skossareswky and N, Tchitchiiiadze found that the sat. soln. between - 40^’ and 
— 45^ contains between 1 and i parts of tin* com])oun(l per million of solvent. 
presence of moisture has a great inllnem'e on the solubility. Phosphorus siMuns to 
produce a phosphide and oxyacid salts — phosphite, phosphate, and hvpoj^liosphatc ; 
but the phosphide is not stable in tlie presene, (' of water and fortus hydrogen 
phosphide. The regular undliod of prejiaring hydrogen pliosphide is to boil phos- 
phorus with the alkali ly(\ Arsenic behaves in an jinalogous manner, forming 
arsenic hydride and an alkali a^.senit(^ Phosphorus disulphide givers eornplex 
compounds, The alkali hydroxides are reduced when heated witli CUrbon, and the 
metal is liberated along with hydrogen and carbon monoxide- according to 
A. A. B. Bussy,^® some hydro< carbons are also formed. M. 0. Boswell and 
J. V. Dickson have studied the oxidation of carbon monoxido by fused sodium 
hydroxide, which results in the formation of sodium formate and oxalate ; they 
have also stmVa^d tin! action of tln^ fused hydroxide on phenols and sulphonic acids. 
Alkali formate is foritie<l wlnjii the lye a bsorlis carbon monoxide. K. A. Hofmann 
said the reaction is active! in the presence of copper ; and, according to M. Bert helot 
and C. Matignon, the heat developed in converting potassium hydroxide to 
the formate is 0*8 (^als. According to J. Kolb, and H. Dobray, the dried oxides 
or hydroxid(!S of sodium and potassium do not increase in 'weight in an atm. of 
dry carbon dioxide, but the moist alkalies absorb carbon dioxide with avidity, 
When amorphous silicon is heated to 100° with cone, potash lye, the alkali silieate 
and hydrogen are formed. Similar products are obtained when the alkali hydroxide 
IS fused with silicon. Zinc acts in a similar jnanner : Zn t-2KOH^Zn(OK)2+H2. 
Calcium <lis])laces sodium when fused at a red heat with the hydroxide. When 
the hydroxide is fused with siUca or boric Oxide, a silicate or borate is formed 
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and water is evolved. Fused alkali hydroxides attack vessels of Silver, nickel, 
and gold — silver and nickel resist the best. Platinum is attacked if air has access. 

Fused sodium hydroxide is active in efTecting many oxidations. E. Pcligot 
reported that chromous hydroxide is oxidized in the presence of aq, potassium 
hydroxide with the evolution of hydrogen, and G. Bauge obtained 2Cr304.3H20 
by the action of boiling wat^r on potassium chromous carbonate when hydrogen 
„and carbon dioxide are evolved ; A. Wurtz found that hypophosphites with boiling 
hydroxides form pliosphates and hydrogen ; W. Muthmann and W. Nagel 
molybdenum dichloride" into trihydroxide. M. C. Boswell and 
V. iJicteon oxidized sodium arsenite and ferrous sulphate by fused sodium 
hydroxide ; hydrogen was simultaneously evolved. Much hydrogen was also 
evolved with stannous chloride and vanadium sulphate, less with cerous sulphate, 
and still less with uranous sulphate. Neither sodum nitrite nor sodium sulphite 
was oxidized ; this is remarkable in view of the ready oxidation of these salts 
in aq. soln. The mechanism of these reactions consists ultimately in the decom- 
position of water, the oxygen carrying the oxygen acceptor to a higher stage of 
oxidation and the hydrogen bei»ig evolved in the gaseous state. Keactions with 
fused or dissolved alkali hydroxid(\s arc described in the literature in which the 
other reacting compound acts as both an oxygen and hydrogen ac('/(*ptor, one mol. 
being oxidized and one mol. simultaneously reduced. In such cases the hydrogen, 
instead of being evolved in the free state, goes to reduce a second mol. These are 
in all probability special eases of the general oxidizing action of alkali hydroxides, 
with probably the same mechanism involving the decomposition of water. The 
following are instances of tliis action : A. Ditte observed that stannous hydroxide 
reacts with ver>' strong soln. of potassium hydroxide at ordinary temp, with 
the formation of tin and potassium stanuate ; also C. F. Hamrnelsberg observed 
that tlie lower pliosphorus oxy-salts, such as Na]l2p02.H20, when heated, pass 
into phosphates and phosphiut^ The evolution of hydrogen when many metals 
as aluminium, zinc, and load are boiled with sodium liydroxide soln. is no doubt 
initiated by this general oxidizing action of water catalyzed by sodium liydroxide, 
Zn+ 2 H 20 ~ Zn(OH) 2 +H 2 . 

Uses of the alkali hydroxides.— A soln. of potassium hydroxide is used in the 
laboratory as an absorbent for carbon dioxide, the sodium compound is not so often 
used because of the formation of l(‘ss soluble sodium carbonate wdiich is liable to 
choke the delivery tubes with crystals. Potassium hydroxide is used in making 
soft soaps; the corresjionding sodium compound gives the ordinary hard soaps. 
The hydroxide fused with a little lime is used as a cautery- -pierre d cantere. The 
alkali lye is also used as a cleansing flui<l, since it forms soluble soaps wdth many 
greases and fats. The lye also dissolves animal tissues. 
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§ 12. The Alkali Fluorides 

The complex fluorides ore in many ways closely analogous with the complex salts of the 
other halogens, but, owing to the peculiarity of tlie alkali fluorides in uniting in a bimolecul^' 
form with the metal fluorides, a now factor comes into consideration, and this introduces 
so many complications that the likeness appears loss than it really is. — P. Ffbifjfjisb ( 1902).' 

Sodium fluoride occurs in combination with some minerals— cryolite — and 
the fluorine in many natural waters is probably combined as sodium fluoride. 
All the five alkali metals form normal fluorides of the type RF ; and acid fluorides 
RF.HF, or still higher acid fluorides RF.«HF are known. ■ -v . 

Tbe preparation of the alkali fluorides.— The normal fluorides, RF, are formed 
when the metals are exposed to the action of fluorine or hydrogen fluoride gas.i 
and also when the alkali metal is exposed to the vapour of boron trifluoride, silicon 
tetofttfluoride, and other metal fluorides. The.se modes of formation are not suitable 
for the pre])aration of the alkali fluorides. J. L. Gay Lussac and L. J. Th4nard ~ 
prepared potassium fluoride in 1811, and J. J. Berzelius, lithimn fluoride in 1821, 
by treating the hydroxide or carbonate with liydrofluoric acid in a platinum dish. 
It may be necessary to filter off a little fluosilicate derived from the hydrofiuosilieic 
acid present in the hydrofluoric a(iid as an im [unity. The soln. is evaporated to 
dryness and calcined. This product always ha.s an alkaline reaction, presumably 
because the fluoride is slightly hydrolyzed : KF-flfoG -KOH-l-llF. According to 
M. Guntz,3 it is best to make the normal fluoride by calcining the acid fluoride 
KF.IIF. The residue is then quite neutral io tlie usual indicators. Tliis method 
of preparation is particularly applicable to lithium fluoride. (!. Ciiabrie recom- 
mends heating the acid fluoride of otesium or rubidium with ammonium fluoride in 
order to make the normal fIuorid<', ('sF, or HbF. ,1. J. Berzelius^ made s<idium 
fluoride by boiling a cone. aq. .soln. of sodium fluosilicate, Na2SiFc, with sodium 
carbonate ; evaporating the soln. until it became opalescent through the separa- 
tion of silica ; decanting off the mother liquor ; and evaporating the soln. to dry- 
ness. The mass wa.s tlien mixed with ammonium carbonate ; calcined ; and 
finally crystallized from aq. soln. 

J.' Reich 6 also patented a pr.)oe8s ba.sed on tlie calciimlion of the alkali fluosilicate 
or fluoborate with an oxide of the alkaline earths. When the calcined mass is 
lixiviated with water, the alkali fluoride is obtained in soln. L. Hchuch ® made 
sodium fluoride by boiling finely powdered (;r_volite witli a cone. soln. of sodium 
. hydroxide— the alumina and silica pa.ss into soln.- sodium fluoride cry.stallize8 
from the cooling soln. »Sodiuiii silicate can be used in ])lace of the hydroxide. 
F. Jean made sodium fluoride by leaching a calcined mixture of fluorspar, limestone, 
Glauber’s salt, and charcoal. 

If the soln. of the potassium salt be evaporated above 40°, anhydrous cubic 
- crystals, KF, are obtained, but below this temp., long prismatic crystals of the 
' ■dihydrate of potassium fluoride, KF.2H2O. The hydrate is also obtained by 
evaporating a soln. of potassium fluoride in vacuo ; or by precipitation from the .'- 
aq. soln. by the addition of alcohol.^ At temp, below 20°, a tetrabydrate Ot potaS" 
sium fluoride, KF.4H2O, melting at W%r, is formed. Rubidium fluoride forms two 
hydrates, 2RbF.3fl20 and SRbF.HgO ; and cicsium fluoride the hydrates 2C8F.3H.,0 
and 3C8F.2H2O. . 

Pro^rties of the alk^ fluorides.— Die anhydrous alkali fluorides crystallize in 
the cubic system.s Liriiiiim fluoride forms regular octohedrons and nacreous plates ; 
sodium fluoride crystallizes in cubes, but in presence of sodium carbonate, the crystals 
are octohedroas. The cubic crystals are frequently ew Iremies. H. Schwendenwein 
has discussed the space lattice of the alkali fluorides, and K. Fajans and H. Grimm 
estimated the distance of the atoms apart in sodium and potassium fluorides to bo 
respectively 2 34 X IB and 2 67 X 10~* cm. ; and the respective lattice energies to 
be 210 4 and 1J2 ^ Cals, per mol. The taste of potassium fluoride is acrid and salty » 
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JJpftCiflC of the fluorides are: lithium fluoride,® 2*5364 to 2612 — 

;]P*rW* Clarke gives 2 295 at 21*5°; sodium fluoride, 2*558 at 41^ according to 
* I\ W, Clarke, and 2*766 according to H. C. F. Schrocder; potassium fluoride, 2*096 
K, Fajans and H. Grimm have investigated the mol. voL of the alkali 
fluorides ; they estimate the inuL vol. of rubidium and caesium fluotide to be 
" respectivfdy 28*8 and 29*1 c.c. at 25^. J. M. Jager's values for the sp. gr., the 
jsUrZace tension (ergs p(?r cm.), and molecular surface energy (ergs per sq, cm.) of 
the molten fluorides arc indicated iii Table XIII. 


*; Tabub XIII. — ^Thk Specific Gravities and Surface Tensions of the Modten 

Aleladi Fluorides. 


lemp. 

! Siinace tenslou. 

. j 

Sp. gr. 

1 Mol. surface 
; energy. 

Temp, coeff. 
per 

/ 868-5® 

1 1270^ 

. ; 249*5 ! 

1-789 

! 1485*4 

0*40 

. ; 201-1 ; 

1-599 

; 1290*4 

0*70 


. 1 199*5 1 

1*936 

1551*8 

0-52 

. 1 14,3 -5 ’ 

1 -634 

1249 8 

0*52 

4™ 1 9)2-7® 
iiaio® 

. ! 138-4 ; 

1-869 

! 1368-1 ! 

i 0-33 

. 1 i<»4 0 ; 

1 *604 

, 1148*4 i 

i 0*83 


. ! 127*2 

2-894 

* 1389-2 1 

1 1*13 

, ! 102*2 ; 

2-605 

1197*2 

0*40 

„ < 722 -.5® 

\uoo® 

. : 104*5 1 

3-583 

1270*0 

1 0*72 

. ! 78-9 : 

1 

3*117 

1052-3 

; 0-36 

1 


J. M. J;iger gives for tlie s]>. gr. D of molten lithium fluoride at 
(water at 4'^' unitv), 0*0004375(0'— 850) ; sodium fluoride 

/;---l*942-() OOO561(0 -'-UKjO) ; ixdassium fluoride />:===! •878--O*OOO669(0 -900) ; 
rubidium fluoride />— 2*873— O‘O(X)9G7(0— 825)— O*OOO(XX)247(0— 825)2 • {qj. 

cicsium fluoride, 234(0 — 700). 

Wlien pure and dry, potasaiiun fluoride can be ke))t in glass vessels, but if moisture 
be present, the glass is ettdied. Soln. of the fluoride also etch glass and porcelain, 
and some silica is dissolved,^® According to T. 11. Norton and D. M. Koth,^^ 
yiotassium fluoride volatilizes in the hottest part of the Bunsen flame about three 
times as fast as the same amount of the chloride ; and sodium fluoride about eight 
times as fast as the (-orresponding chloride ; and S. Waldbott found that about 
half a gram of sodium fluoride lost 0*4 per cent, when heated 6 min. over the Bunsen 
flame — the residue had an alkaline reaction, showing a slight decoinposition had 
taken place. According to V. Poulenc.^^ lithium fluoride is partially volatilized 
'when heated to 1 l(X)° or 120(J® in a stream of hydrogen fluoride. The melting points 
which have been reported are not very concordant. Many determinations have been 
made on more or less impure sajn[>les, and more care seems to have been taken 
in eHminating errors in the tem]i. determinations tlian in jmrifying the salts. 
E. Hintz and H. Weber re])orted a sample of commercial salt to contain 65*66 
per cent, of sodium fluurid(» and 3*97 per cent. of. water. The remaining impurity 
contained: NaCI, 0*74; NarA'03, 13*89; Na2S04, 1*96; K.>S04, 0*74; CaC03, 
0*25; MgCOg, 0*32 : Fe203,'()*48 ; ALO^, 0*17; Na.O (as silicate), 1*50; SiO^ 
(partly as sodium silicate), 10*11 ])er cent. T. Carnelley gives 753^ ±9® for the 
m.p. of rubidium fluoride ; and 0. RufI and W. Plato give 855"^ for potassium 
fluoride ; but numbers ranging from 867° to 837° have been given for the f,p. of 
potassium fluoride, (r. Scarpa gives 857" ; W. Plato, 859*9° ; B. Karandeetf, 
867° ; N. S. KurnakolT and S. F. Scdiemtschuschny, 837° ; N. A. Piischin and 
A. V. Bascofl, 885°. Similarly for sodium fluoride the numbers vary from 980° to 
997° — N. A. Puschin and A, V. Baskolf give 1040° ; N. S. Kurnakoff and 
S. F. Schomtscbnschny, 997° ; 0. Ruff and W. Plato, 980° ; G. Scarpa, 1005° ; 
and W, Plato, 992°. For lithium fluoride T. Carnelley gives 801° ±15', and 
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G. Soaipa, Arcordiiig to N. 

sciitativc values are : 

I-IF 

m.d. . . • 


A. Pusoliin and A. 


NaF KF 

1040" 886" 


V. Baskoff, the best repi i 


RbP 0»F 

833“ 715“ 


The f p curves of sevenil hiuarv svsieius Uve been worked out ; tlius, witJi potassium 
chloride ami fluoride, AV. j>iato‘ obtained the tyjueal V-curve with a eutectio at bO;?' 
coirespondiji.u with 01 mols, ])er eeut. of KVl ; with ])otassmju fluoride and bromide 
the i‘ute(*tic nieifs at (iJ(^ \ uJieii 77 per rent, of f lic bromide is present ; and with 
potassium tluoride and iodide, the euteetic melts at 580" when 87 per cent^ of the 
iodide is present ; willi sodium chloride and fluoride, the eutciTic is at <>75 , corre 
si)ojKiin£r with 72 0 niols. |)er rent, of KaCI. Mixtures of sodium and potassium 
tluoridcs also have a eutei*tic at 7t O , <*,orrespomling witli 00 mots, per cent, of KF. 
With jiotassium sulphate and fluoride, Ik Karandeeff obtained two cutecties : 
(uie at 888". eurresfionding A\ith 41 mots, per cent, of the sulj»hale ; and the other 
at 788", coiTesponding with 8*3 muls. per cent. The intervening maximuni corre- 
sponds with the comjHUind Ki.8O4.KF, wlihdi melts at 887", and (fecomposes nt 
icnip. Iielow 578'. AVith sodium tluoride and sulphate, A. AA'olters found two 
eutectics at 778" and 712 respective]}', corresponding with 10 and 70 mols. per cent , 
of NU0SO4 ; the intervening maximum melts at 780 , corresponds with Na2S()4.KaF. 
Hodium iliioride. has an enanticnnorpliii- transition ])oint at 105 . J. 0. 0. de MariLaiae 
]>repared hexagonal crjstals cd the double salt KaF.Kno)SC)4 by crystalliza- 
tion fnmi sulphuric acid sal. with liydrogen fluoride. Jt can b(‘ n*(ryvstalliz<‘<l 
fiom water without d(‘comp<.sition. A. AVolteis also studical tlie ternary system 
Na( l--Na F— Na^SO.t- 4 he Iransfmniation points <d sodium and ])<'dassium 
hydioxides are lowered by the eorresjuuiding tiuorides. (b Scarpa, found the 
liinarv mixtures of lithium iliiorid<‘ and hydroxide ; sodium iluoride and liyilroxidi? ; 
and of [lotassium iluoriilc and hydroxide gave ta\o solid soln. with a misiability 
break. 

According to E. Baud, the specific heat of sodium fluoride, lictween J5" and 
s 0-2()75 ; and according to J. N. Bronsied, between 0^ and 20". 


JAF NaF KV lihF CsF 

Sp. ht 0 3725 0*2010 0*1007 0*1153 0*0700 

M»)l. bt O-OO JO OO Jl -00 12*04 12'09 


-101*0 aiKl 


F. Koref found the sp. lit. aiid mol. ht. of sodium tluoride bet aveim — 1../1 ^ 

— 82*5' to be. respectively 0*171(1 and 7’Ml ; and between O nnd — -75*2 . 0*2188) 
and 10*18, Similarly, for potassium fluoride betweiui — and - '81*8 ', 0*1.550 
andO-Ob: and between ir and --70*1 ,0*1080 and 11*21. Aeetudingto W. JOato,^? 
the heats of fusion of sodium fluoride is I8fl*l lads., and of ])otassium Jluoride, IttS O 
cals, per gram. (f. Bartha found potassium Iluoride volatilized rapidly in vacuo 
at 910". TJie heat of formation of lithium fluoride is Li-j Fd acp"' LiFa<j, 
-|-lir>*8 t;als. ; with sodium fluoride: Na.^n^i (dfgas --KaFsoii(i+B)9*8 Cals.: 

and with potassium fluoride, IJ5*2(5iIs. A. (fmitz gives llO-fl Cals. The lioats of 
Inrmalion of tlie alkadi lluorides from solid Iivalrogmi fluori(h> are 8*8 t5‘ds. ; 

KK, 12-8 : IfbF, 18*8 Cals. ; and CsK, ] 1 77 Cals. The heat of neutralization 

of lithium (luoihlej according to E. FetersenA^ is LI haij.-j-LiCf Ia([." -JjiFatj. 1 Ifl l 
Cals. ; the usual value for tlie heat of ueut ralization of a.n acid by a base is 18*7 Cals., 
and the deviation from this value by lithium fluoride su])poris the view that the 
polynier is form(*d. With sodium fluorhle, tlie beat of umitralization is 10*27 

Cals. The heat of solution of sodium fluorid<‘. is i\aF,;,,,ia I KiOU.O is —()*(> Cal. ; 
of anhydrous ]»otassium fluoride, at 20' -|~8-0 Cnh., and for tlie. dihf irate - J 0 Cal. 
Hence the solubility of the a.nliydride must deci(‘ase with a rise of temp., that 
of the hydrate increase. The ‘heat of hydration, KK t2HoO--KF.21b>() +4*0 
Cals. 

Iho solubility of the alkali tluoridcs jnereasos in a marked way in passing frf»m 
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the lithium to the potassium salt. According to F. Mylius and R. Funk,^® 100 grms. 
of water dissolve 0*27 grm. of lithium fluoride at 18^. The low solubility of 
lithium fluoride is su}) posed to support the assumy)tion that the salt is present as 
Li 2 F 2 , — ^ salt of the dibasic II 2 F 2 . The salt is still loss soluble in the presence of 
ammonium fluoride, or ammonia— according to A. Carnot, one ]>art of lithium 
fluoride is then soluble in 34(K) of the reagent. With sodium fluoride there is a 
eutectic at —5*6° ; and at 1'/^, a sat. soln. contains 3*85 per cent, of the anhydrous 
salt, and at 18^, 4*22 per cent. A. Ditto found that at 21', the solubility of sodium 
fluoride in hydrojlxioric acid first decreases to a minimum and thcui increases with 
increasing cone, of the acid, such that 1(.K) grms. of water have in grams: 

KF , . . .0 1 00 4-58 r>G 5 8:i8 12’97 59 04 77*74 

NaF .... 4 17 4*14 2*25 2*27 2*29 2 38 4 88 8*17 

Similarly, with potassiiuu fluoride ii\ liydroHuoric acid : 

HF . .0 12] 3*73 OOf) 12*50 20 68 74*20 119*20 

KF .... 96-3 72*0 10*4 30*4 30*5 38*4 105*0 169*5 

the minimum correspond witli a soln. containing 11*30 grms. of HF and 29*t) grms, 
of KF. Potassium hydrogen fluoride is formed which increases with the coik;. of 
the acid, and with (he proportions of normal fluoride in acc'ord with the mass law.^® 
F. Mylius and R. Funk found 100 grms. of Avater dissolv’^e 92*3 grms. of potassium 
fluoride at 18'\ for ItK) grins, of the sat. soln. contain 18 grms. of ivF. and the sp. gr. 
of the soln. is 1*502. According to 11. Rose, below l(y\ tlie solid phase is the 
dihydrate, KF. 2 H 2 U; above 10^, (he anhydrous salt. Potassium fluoride is very 
s[)atingly solu})le in akaho! ,* it dissolxes in acj. alcoliol, and in cone. soln. of potassiian 
acetate. 

T)ic specific gravity of a solution of lithium fluoride, sat. at ]8\ is 1*003. The 
sj). gr. of soJn. of sodium fluoride, acc^ording to (f. T. CJerlach, arc for a 1*11 per 
cent. soln. at 15"'' (water at 15 ’ uni(y), 1*0110 ; a 2*22 ])cr cent, soln., 1*0221 ; and 
a 3*32 per cent, soln., 1*0333. 'I'he sp. gr. of aq. soln. of potassium fluoride deter- 
jnined by F. Kohlrausch, at 18 (water at 4'^ unity): 

KF .... (i*9I 12*24 22*51 33*58 39*97 

Hp.gr. . . I •(►575 1 1025 1*2000 1*3070 l*378i^ 

U. Tainniann hasdetermiiKMl the lowering of the vapour tension of Avater, by the 
addition of x grms. of the salt to 1(H) grms. of Avater at 100\ in mm. of mercury : 

JSaF , . . .2*48 1*46 1*56 • — - ^ — i — — 

KF . . . . - - - - 4 71 9*98 31*20 42*17 54*76 

Lowering . . . 13*9 24*1 25*1 17*8 41*8 ]()4*1 206*9 274*0 

TJie partial pressure of ammonia and AVJiter at 25 is 13* 15 mm. ; in JA^-soln. of 
potassium fluoride IO C)! ; in. iV-KF, 18*65 ; and in l *5iV-KF sola. 21*47 mm.— The 
partial ])ress. of the ammonia is thei*ef(U*e raised proportionally Avith the cone, 
of the salt, AAduu^e it would ])ro)jaI)ly be loAA^^red if tlic fluoride formed a complex 
with ammonia. .Vccording to W. 13iltz,2-« the freezing point of a soln. cojitair.ing 
0*3379 grm. of potassium llimride [mt lOO gvjiis. of water, 0*202" ; and Avitli 1*03J 
grm. (3f salt ])er 100 gnus, of Avater, 0*595; and with 5*445 grms. of salt, 3'168\ 
TliC depression of tiie f.p. of riil)idium fhioride Avas measured by 11. Eggeling and 
J, Meyer. With 16 of AA^atcr and 0*2005 grm. of salt, the f.p. Avas .k>p, ess('d 0*114 ’ ; 
Avith 36 of AA’ater and 0*0021 grm. of i<alt, 6*90(F. Tlie corresponding mob Avt. are 55*7 
and 56‘8. The theoretical value for RbF is 104. Hence, the normal rubidium 
fluoride in aq. soln. is probably bimolccular, and almost completely ionized ; RbF 
---Rb*'f-K' i]i dil. soln. This also is the case A\dtli potassium fluoride. 

The mol. electrical conductivity of a soln. of potassium fluoride at infinite 
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dilution is 111*35 ; and of sodium fluoride 90*15. The mol. conductivities A at 18^^ 
for soln. containing n mols. of tlie salt per litre, when the degree of ionization is a : 

00001 0001 0*01 0*1 0*2 0*6 1*0 
89*35 87*80 83*48 73*14 68*0 60*0 51*9 

99*1 97*5 92*6 81 *1 75*4 66*6 57*6 

110*47 108*89 104*28 94*02 ~ 82*6 70*0 

99*2 97*8 93*7 84*4 ~ 74*2 68*3 

S. Arrhenius estimates the temp, coeft*. of the conductivity of sodium fluoride 
between 18*^ and to bo al)out ()*()253 per degree ; and the heat of ionization of 
sodium fluoride to be 0*084 Cal. F. M. Jager and B. Kampa measured the mol. 
conductivity, /<, of potassium fluoride at B"" between 863"" and 976®, and found 
/x=^10r8+6'31C)3(</— 900), According to A. Heydweiller, the dielectric constants 
of powdered and compact sodium fluoride are respectively 2*09 and 3*94 ; and 
for potassium fluoride 2 82 and 5*92. 

The stability of tlie alkali fluorides increases in ])as8ing from sodium to ciesiuin. 
Lithium fluoride is scarcely attackc<l by water vapour at a red heat. Potassium 
fluoride is very (leliipiescent. II. Pauli could detect no hypofluorites or fluorates 
when aq. soln. of potavssium fluoride wore electrolyzed ; }>ut much ozone was formed. 
The alkali fluorides arc decomposed by co)<l cone, sulplmric acid and also by 
chlorine. If a stream of dry hydrogen chloride is passed over ]>otaSvsium fluoride 
at ordinary temp., potassium chloride, and potassium hydrugtui fluoride are formed ; 
if heated, the latter is decom[)osed into the normal fluoride and hydrogen fluoride ; 
the normal fluoride is again attacked, anil the same .sequence of changes continues 
until all is converted into the chloride. If in soln., tJie base divides itself between 
the two aiads. Tlie alkali fluorides are decomposed by many’ organic acids — 
e,g. acetic, formic, tartaric, malic, lactic, benzoic, and salicylic acid — with the 
liberation of hydrofluoric acid. Carbon dioxide bubbled through the soln. acts in 
a similar way.-*^ The alkali fluorides are not attacked l)y oxygen hot or cold. When 
heated with anmioniun^ cliloride, the alkali chloride is formed.-® 3'hey are. not decom- 
]) 0 sed by silica if heated bidow the m.p. of the salt, since by h^acJ)ing with water, the 
siilca can be recovered unchanged. An excess of liinewator, or magnesia, ])recipitates 
calcium fluoride from sobi. of the alkali fluorides. Sodium fluoride is a valuable 
preservative for wood, and can be used with advantage in place of zinc chloride 
(qx-Y, and would j)robably displace the latter if the costs of production could 
be reduced. 

The acid fluorides.*- J. j. Berzelius -9 ubtainod small crystals of a lithium hydro- 
fluoride, presumably LiK.lIK, from a soln. of the normal fluoride in hydrofluoric 
acid ; the acid salt is more soluble in water than the normal fluoride. An analogous 
sodium hydrofluoride, NaF.JIF, was also di.scoverecl by J. J. Berzelius. It is 
made by clbssolving the normal fluoride in liydrolluoric or acetic acid.^l It forms 
rhombohe.dral or trigonal cj vstals which, according to JI. Rose, arc isoinorphous with 
the corresponding salt of potassium. The acid salt is converted into the normal 
salt by lieut, and it is broken down into the normal salt and hydrofluoric acid when 
dissoK^ed in water, 3- iji which it is but sparingly soluble. It is more soluble in hot 
than in cold wafer. Its heat of formation is 17*1 Cals. ; and its heat of soln., 
at 12 '^, is NaK.tlK-j tOOlRO - 0*62 Cals. The mono-acid salt, potassium hydro- 

fluoride, KK.ITF, was made by J. J. Berzelius as described above ; it is sometimes 
called Remy’s salt in honour of K. Fremy’s Recherches sur le.s JUwrures (1854). 
E. ]^h*emy [)repared the salt by pouring a cone. soln. of hydrofluoric acid into a 
similar neutjal soln. of tlie fluoride })roduced by saturating hydrofluoric acid with 
potassium carbonate, Crystals of s[iaringly soluble acid fluoride immediately 
separate from the soln. 'ihey contain a little potassium fliiosilicate which can be 
separateil by several rccrystallizations. The acid fluoride is dried first between 
folds of unsized filter ]>aper, then in vacuo, and finally in a drying oven. While the 
neutral fluoride is deliquescent, the acid fluoride is not so. H. Moissan prepared 
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tlie acid fluoride for making anhydrous hydrogen fluoride, in the following 
manner: 

A given volume of hydrofluoric acid, freed from silica, was divided into two equal 
portions, and one portion was exactly neutraliz€?d by puiilied potassium carbonates 1 ho 
two portions were mixed, and thus convei’ted into the acid fluoride^ Tlie salt itsc'lf was 
obtained by evaporating the soln. in a platinum basin, on a water-bath, at 100° ; and c-oin- 
pletely dried under reduced press, (say 20 mm.) over cone, sulijhurio acud. Two or three 
sticks of caustic potash were exposed in the same evacuated vessel. The salt was powdered 
from time to time in an iron mortar so as to expose fresh surfaces. The sulphuric acid and 
potash were renewed every 24 hrs. for about 15 days. 

A. P. Borodine prepared this salt in rectangular plates (cubh/ s}\stem) by 
evaporating the normal fluoride with acetic or alcoliolic benzoic acid. By slow 
evaporation, cubic crystals, some en tr^wivs, are formed. According to H. de 
Senarniont,35 the crystals are tetragonal. The heat of .soln. of the mono-acid salt is 
KF.HF+IOOH^O— 6*0 Cals. The dry salt melts when heated, and gives oiT 
anhydrous hydrogen fluoride. It dissolves readily in water, but s})aringly in 
hydrofluoric acid ; it is readily soluble in a cone. soln. of potassium acetate. It 
is ])recipitatcd from soln. by alcoliol, though it dissolves in dil. alcohol. When an 
intimate mixture of this salt with a powdered .silicate is lieatcd, the mineral is 
decomposed, and most of the silicon is evolved us silicon fluoride. According to 
11. Moissau,'^^ if a soln. of 5*6 gnus, of the mono-acid salt in 10 grins, of 
hydrofluoric acid be cooled to — 23"^, crystals of tlie tri-acid salt — potassium 
trihydrofluoride — KF.3HF, are formed ; and the same salt is produced b}' evapo- 
rating a soln. of one mol. of potassium fluoride with tlirec mols. of hydrofluoric 
acid on an oil batli at 85'^ the clear liquid which remains when no more acid fumes 
are evolved freezes to a hard crystalline mass at It does not lose acid in dry 

air or in vacuum. It dissolves in water with strong cooling, and it decomposes into 
the mono-acid and liydrofluoric acid. It melts at and with a stronger heating, 
it decomj)oses. The salt reacts vigorously with sulphuric acid, aqua ammonia, 
and poiashdye. The corresponding di-a(dd salt — potassium dibydrofluoridC' — 
KP.2HF, is made in an analogous manner. It melts at 105°, and its properties 
are analogous witli the tri-acid salt, T'he heats of formation are : KFii.^.+HFii^j, 
--KF.HFii,j--0*33 Cal.; KFsoiM+HFa,, -KF.HF-hLVfl Cals.; KF.HF+IIFuq. 
--.KF.2HF+6-5 Cals. ; KF.211F | HF,^ - KK3HF 1 51 Cals.; KF.HF ^2HFar,. 
-KF.3HP+11-6 (^als. ; KF f 2Hl<V«-“KF*2HF f3rT2 Cals. ; and KF+flHFgaa 
“--KF.3HF-[-471 Cals. 11. Eggeling and J, Meyer have pre|>ared the corre- 
sponding acid fluorides of rubidium^ — rubidium, mono-, di-, and tri-hydrofluorides 
— and they 'were found to resemble the corn^sponding i)otassium salts. C. Chabrie 
lias prepared csesium hydrofluoride, (^sK.HF, in a similar manner to the process 
employed for tlie corresponding potassium salt, ami the pro])erties arc analogous. 
The higher acid fluorides of caesium — ('sF.2HF and CsP.311F — ^liavc also been 
prepared. Metal salts (‘orrespomling with IILiFo, IINaFo^ HKFo, Hl{bF2, and 
H(>sF 2, and with potassium, rubidium, and cjcsium salts of the di- and trihydrogeii 
fluorides, have been reported. The stability of the alkali monohydrogen fluorides 
decreases in passing from sodium to caesium; the contrary is the case witli the 
normal fluorides. 

According to S. Tanatar.^® potassium fluoride hydroperoxide, Kh\H202, is 
obtained by evaporating at 50° a soln. of one mol. of potassium fluoride in 2 mols. 
of 15 per cent, hydrogen peroxide, acidified with a few drops of liydrofluoric acid, 
so long as it does not decompose with effervesience. The cold soln. is treated with 
alcohol, and the denser layer is separated and evaporated in vacuo. Monociinic 
acicular crystals of the salt KP,Il202 are formed. They are stable at 70°. but 
slowly decompose at 110°. The crystals are readily soluble, and the mol. dopres.sion 
of the f.p., and the partition between ether and water, led S. I'anatar to believe that 
it is an addition product. 

Monoclinic crystals of potassium fluosulphate> K3HS2O7F2.H2O, have been 
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obtained by evaporating solu. of potasairim sulphate or bisulphate in 40 per cent, 
acid. The corrospon<ling rubidium and cresiuin salts have been prepared. The fluo» 
selenates of these' same element s — r.(/. K3HSe207F.2..ll20 — were also made in a similar 
maimer. The oxyfluoiodates are prepared in a .similar manner from the alkali 
iotlate and hvdrotluorie aeiil. or the Huoridc and iodic acid. The potassium suit, 
kkvf-, (TystaUiz(‘s in the rhombic system. Sodium, ammonium, rubidium, and 
Ciosium salts have also Ix^en made. A. Werner*^® represents the constitution of 
the oxyiluo-iodat(‘s by where M denotes Xa, K, Kb, Cs, or NII4. .lie also 

regards the lliiosulphates, Huodithionates, and the flu(>phos])hates as addition 
j)roducts. Crystals posvsibly triclinie. of pot3»Ssiuuli fluodithiOIlEte, K2^i>05h.>.2JloO, 
separate on cuoling a warm sat. soln. of potassium dillibmale in 10 to GO ])er cent, 
hvdrolluoric aeid.'^^ Tlu‘ riilndinm salt has tJie eompositiou Kb^yH^Or, 
tlie ciesium salt, (^SwS-^ is more stable than the corresponding potas^ 
siiim or rubidium salt. iManv double salts with boron triiluoridc, antimony 
trifiuorido, silicon tctralhioride. tin tetrafluorhle have been reported. 
minerals ervolite, .'VlK3.dNaF ; paelinolite. AlF.j.Cel^^.XaF ; and chiolite, 
oAlF^.oXaF, arc either doulde fluoride of aluminium and sodium *)r solid soln. 
containing this compound. There ar(‘. also the fluo-oxyniobntes, fluomanganites, 
etc. 


flKFnRF.NeiflS. 

, ^ H. Moissan, Ann. Chim, Phys,., (a), 24. 224, iStd. 

2 J. L. Gay Lussac ami L. J. 'J’henard, linfierchc.^ pJiy‘<lco-chittiiquC’S, Paris, 2. I8, 18IJ ; 
J. J. BiTzelias, Ann.^ 1. 17, 1824. 

9 ]M. (hnitz, .1/0?,. Chim. Phy^.. (iy), 3. 13, 1881 ; (t. F»oulonc, ih., (7), 2. 5, 1804; G. GJial>ra\ 
(Urmpt. Rand., 132. 080, 1001 ; C. Chabrn? and A. Houehonncl, ib., 140. ‘01, 100.7; II. Eggyfiiig 
.'Hid .1. Myyer, Zeit. anorg. Chem., 46. 174, 1005. 

^ J. J. Berzelius, Lahrbuch (hr ('hemir, DroMlen, 2. i, out), 1820. 

® J. Heicb, Brit. Pat. No. 0, 21073, 1807. 

® L. Schuch, Lifbig^s 126. I08, 1803: F. .Tran, ('am pi. Jh mi.., 66. 8(H, 018, 1808, 

^ H. Bose, Pogg. Ann.., 55. .754, 1830; K. Frciiiy, Ann. ('him. Phy.^,., (3). 47. 27, J850. 

^ H. Behrens, Roaktiahi n fur MikrofAivmhchv MlmruL Amily.<ii\ Jlajiibur;;, 35, 1804; 
A. .lohmseii, Neves Jahrh. 4///?., ii, 148, 1002; 0. Cliabric, ('him. Phys., (7), 26. 223, 1002; 
H. Jichwendenweiii, Zdl. Physik\ 4. 73, 1021. 

® F. Stolba, ('kcni. ('fntr., 1210, 1887 ; Jl. F. 8eliro(‘.dcr, lJlchlig1:( ilmtfisiingi n , Ifc^idtdbcrg, 
1873 ; F. \V". Clarkes Amn'. Journ. Science, (3), 13. 202, 1877 ; .1. M. .kiger, Zdt. (tu4jrg. (Hum., 
101. I, 1017 ; K. Fajuris and If. Grimm, Zdd. Rhy.^ik, 2. 200, 30‘b 1020. 

.M. Gruntz, Ann. (Jiiim. Rhys., (0), 3, 13, 1881. 

T. II. Norton and IX M, Unth, Jovrn. Anur. Plum. Soc., 19. 155, 1807 ; S. W'aldbott, ib., 
16. 418, 1894. 

0. Poulenc, Ann. (Hthn. Phys., (7), 2. 5, 1891. 

F, Ilintz and If. WcIkt, Zcil. anal, ('h tu., 30. 30, l80l. 

T. Carnelley, Jaurn. ('hew. Soc., 33. 273, 1878; O. Hailf and W. l*Jato, iRr., 36. 2357, 
1003 ; N. S. KurnakofI and S. F. »Si li<‘m1,sclni.schny, Zeit. an<jrg. ( 'hem.,, 52. 185. 1007 : A. Wolti'i s, 
Nciks Jdhrh Min., B.R., 30. 57, 1910 ; W. Plato, Zeit. phys. (Ricm., 58. 350, 1007 ; B. Knramkc fT, 
(_U>ntr. Min., 728, 1009; N, A. Pnseliiu ami A. V. Paskoff, Journ. Rufisian JHty.^. ('hvm. Scu'., 45. 
82, 1913; Zeit. amirg. ('hem., 81. 347, 1013 ; G. Scarpa, Atti A<'ead. Lincii, (5), 24. i, 738, 055, 
1015; (5), 24. ii, 470, 1015. 

W. Plato, Zeit. phy.^. (Hum., 58, 350. 1007; B. KaramlcefT, ('entr. Min., 728, 1000; 
A. Wolters, Neucs Jahrh. Min., B.B., 30. 57, 1010 ; J. C. G. de Marignao, .4 /?.??, Mints, (5), 15. 230, 
1850 ; O. Ruff and W. I’lato, Her.. 36. 2357, 1003 ; N. S. Kunuikoit and S. F. Sehemtsehuselniy, 
ZeAl. (ineirg. (Hu.m,, 52. ibO, 1007 ; G. 8earf)a, AiH Accad. Lined, (5), 24. i, 738, 055, 1015. 

E. Baud, Journ. Phys., (4), 2. 500, 1003 ; J, N. Pnonsted, Zeit. KLektrorhem., 20. 554, 1014 : 
F. Koref, Ann. Physik, (4), 36. 40, 1011 

W, Plato, Zeif. phys. Chon., 58. 350, J007 ; (b P>artlia, Uehcr die Skdrpvnktc dtr Alkalh 
nietaUf. utul Alkaliitalfxjenide im VavAnnn des Kaihochnlichts, I leidellKTg, 1012. 

>8 E. retersen, Zdt. phys. ('hern,, 4. 384, 1880; M. (bmtz, Compt. Rend., 97. 1558, 1883; 
J. ThoniHcn, Therrnoehrmisrhc Cntcrsuchungoi, Leipzig, 1. 157, 1884; M. Berthelot, Thermo- 
chimia, Paris, 2. 180, 1807. 

F. Myliiis and R. Funk, Ihr., 30. 1718, 1807; F. Guthrie, Phil Mijup, (5), 6. 40, 1878; 
E. Fremy, Ann. Chim. Phys., (3), 47. 32, 1850 ; A. llltto. Comjyt. Rend., 123. 1283, 1800 ; H. Rose, 
Pogg. Ann., 55. 537, 554, 1842; A. Carnot, Bull Soc. Chim., (3), 1. 250, 1889; G. T. Gerladi, 
Zeit. ami (Jhon., 27. 277, 1888 ; F. Kohlrausch, Wied. Aim., 6. 1, 145, 1870. 

A. Guntz, Compt. Rend., 90. 428, 1884. 



THE ALKALI METALS 


DIO 


G. Taramaun, M6nu Acad, St, Petersburg, (7), 36. 1, 1887. 

22 H. Abogg and H. Rioscnfeld, Zeif. phys. Ckem., 40 . 84, 1902. 

23 VV. Biltz, Zf^iL phys. Ohem., 40 . 202, 1902 ; R. Abegg and W. Herz, Zeif. amrg. 

35. 1903 ; II. Bgg(‘liiig and J. Moyer, ib., 48. 174, 1905. 

2* F. Kohlraiisob and 11. \nm Steinwchr, Sitzher, Aknd. Beilin, 581, 1902 ; F. KohlraTiscli, 
Wicd. Ann., 6. 1, 145, 1879; P. Walden, Zeit. phys. Chem.^ 2. 49, 1888; S. Arrhcnnis, ib., 9. 
339, 1892 ; A, Heydwcillor, Zeit. Physik, 3. 308, 1920 ; F. M. lager and B. Kam^ja, Zdf. am/rg, 
Chem., 113. 27, 1920. 

H. Pauli, Zeit. Elektrochem., 3. 474, 1898 ; E. B. R. Prideaux, Trans. Faraday Soc., 2. 
31, 1900. 

M. Berthelot and A. Guniz, Compt. Rend., 98. 395, 405, 1884. 

27 p, A. E. Richards, Analyst, 39. 248, 1914. 

A. Genther, Jena Zeit. Med. Naturwiss., 2. 208, 1804. 

O. lYssier, Cornpt. Rend., 56. 818, 1803. 

J. J. BerzoHua, Pogg. Ann., 1. 17, 1824. 

31 A. P. Borodiue, Compt. Rend.,^. 553, 1865 ; H. Rn«u, Pogg. Ann., 120. 1, 180.3 ; J. C. G. de 
Marigtuic, Ann. Mines, (5), 12. 18, 1857. 

J. B. Cohori, ('kern., Npavh, 54. 17, 1886. 

A. Gnntz, Compt. Rend., 97. 1558, 1883; Ann. (Jum. Phy'<., (6), 3. 1, 1884 ; fl. ^loissan, 
ib., (6), 3. 5, 1884; J. Thomson, Tlicrmoehe.mische. Unlersnchnm/en, L('i]>/jg, 1. 157, 1882, 

K. Froiny, Ann. Ckim. Phys., (3), 47. 5, 1856; 11. (0), 24. 224, 1891. 

H. do S<5narniont, in G. F. Rammolsberg, Die neursfr n Forsch u ngi.n in dtr knj'^inltograjihischcn 
(Jhemie, liei})zig, 1857 ; A. des Oloizeanx, Mem. Acad., 18. 522, 1807; Ann. .Mines, (5), 11. 
301, 1857 ; A. P. Boro<line, Compt. Rend., 553, 1805. 

H. Moissiifi, Compt. Rend., 106. 547, 1888; Ja/?. ('hint. Phy^., (0), 3. 5, 1884; J^. de 
Fore, rand, ib., (7), 28. 384, 1903 ; M. Guniz, Bull. Soc. ('him.. (3), 13. 114, 1895. 

11. EggcJing and J. Meyer, Zeit. nnorg. Cheni., 46. 174, 1905. 

G. Cha'bri^, Compt. Rend., 132. 080. 1901. 

8. Taiuitar, Zeit. unorg. Chem., 28. 255, 1901. 

A. Werner, Nemre Anschauangcn aiif dem (Jehute dcr anorgnnischcn Chonir, Braunschweiir, 

1913. 

R.. F. Weitilan<l and J. x\lfa, Zeit. anorg. Chem., 21. 60, 1899; R. F. Weinland and 
O. Laiieiistein, ib.. 20. 30, 1899. 

** G. Stein, (Aiem. Ztg., 13. 357, 1889 ; J. G. de Marignae, Ann. Mints. (5). 15. 241, 1859 ; 
F. Htolba, Jonni. prakt. (Viem., {!), 01. 450, 1864; C. Trachot, Compt. Rend., 00. 1330, 1884; 
II. St'lnlT and F. S(‘siini, TAebig's Ann., 228. 72, 1885. 

tl. Brandi, fAebig's Ann., 213. J, 1882 ; J. J. BerzcLiiig, Pogg. Ann., 1. 1, 1824 ; W. Knopp, 
Liebig's Ann., 127. 61, 1863. 


§ 13. Ammonium Fluoride 

xAmmonium lluoride was ina<le by H. Davy i by the action of ammonia gas on 
hydrogen fluoride -liquid or gas —and he demonstrated that no water is ])roduced 
1)}' the reaction. J. (1. de Marignae obtained hexagonal plates or prisms of the 
salt by saturating a soln. of liydrofiuorie acid with ammojiia, and evaporating the 
soln, over caustic lime. W. Mills patented a process in which an intimate mixture 
of ammonium sulphate and calcium fluoride is heated. The ammonium ihioride 
formed by dou])le <lecompo.sit ion is collected as a sublimate. «l. J. Berzelius n])tained 
the. salt from ammonium chloride by heating an intimate mixture of ammonium 
<‘hluri(lc with just over twice its weight of sodium fluoride whereby a sublimate of 
ammonium fluoride free from the chloride is formed : NlbiCT i-XaE—NatT 
V. T. Austen and E. A. Wilber ])re]>ared ammonium fluoriih? for silicate analyses by 
treating liydrofliioric acid in a ])latinum dish with an excess of coiuj. amnumia and 
filtering the liquid through a filter paper previously washed with hydrofluorif. ai*id, 
and supjxu'tcd in a ring of platinum wire, directly into a jilatimim criKublc containing 
the silicate to be acted uf)on by the acid. 

The properties of ammonium fluoride. — According to J. C. G. de Marignae, the 
crj'stals arc too deliquescent for crystallographic measurements. B. Gossner - 
likewise obtained hexagonal uniaxial prisms or plates by crystallization from methyl 
alcohol. J. J. Berzelius says the crystals are stable in air. When differences of 
opinion exist as to tlie deliquescence or otherwise of the crystals of a salt in air, it 
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is probable that air in different hyftrometric states baa been under observation. 
J. J. Berzelius also says that when heated the salt fuses before an appreciable 
quantity sublimes ; and that the sublimation occurs at a lower temj). than is the 
case with ammonium chloride. No report.s are available as to whether the vapiuir 
of ammonium fluoride is dissociated like that »)f ammonium chloride. Accordinu; 
to A. Gruntz,3 the heat of formation NH3»f|.-|"HEaij.=NH4Fan,+I'i‘2 Cals ; 
NH3gaa-HJV«=NH4K„,w+37 a t^a Is. ; and the mol. ht. of soln. is — Cals. 
J. H. and G. Gladstone found the mol. refraction for sodium light to be d/{/x— 1)//) 
=^10*97 for the salt in aq. solu. 0. Reinkober studied the reflexion spectra of 
ammonium fluoride for ultra-red rays. The salt is ciisily soluble in water, and it 
is also soluble in methyl and ethyl alcohol. G. Carrara ^ has ineasurcd the solubility 
and electrical conductivity in inetli^d alcohol. 11. N. Warren stated that an oily 
explosive liquid — nitrogen fluoride — accumulates about the anode during the 
electrolysis of an aq. soln. of ammonium fluoride, but O. Rulf and E. Geisel could 
not confirm this observation, and assume that H. N. Warreivs ammonium fluoride 
must have contained some chloride. When a sat. acj. soln. of ammonium fluoride 
is electrolyzed in a glass U-tube with platinum electrodes (10 volts), hydrogen alone 
is given oil at the cathode, and a mixture of nitrogen and oxygen at the anode, 
some fluosilicate is formed by the action of hj'droHuoric acid on the glass. With a 
leaden tube, hydrogen is still given off at the cathode, but at tlie anode no nitrogen 
but only hydrogen and oxygen— never fluorine. However, the (dectrolysis of a 
soln. of ammonium fluoride iii liquid hydrogen does furnish fluorine gas. Acixirding 
to O. Ruff and E. Geisel, ammonium fluoride is insoluble in lifjuid ammonia ; and, 
according to J. J. Berzelius, this salt readily ab.surbs ainmonia gas wliieh on subli- 
mation is expelled. J. J. Berzelius sugge.stod tJiat a ))asic salt is formed — the 
product is possibly ammonium a in miiio -fluoride, .NU4E(^ H3 )m> analogous to the 
ammino-compounds of the other ammonium halides, but J. Kendall and J. G. 
Davidson could not make an atamonium amndno’jluoridv. 

According to H. Rose,^ (juarlz and boric oxide are converted into iluoritles and 
volatilized when adnuxtur(^s with aninionium •fluoride are heated; one or more 
repetitions may be required fur the complete volatilization of the silh^a. Kothing 
is lost when alumina, berylla, ferriij oxide, zirconia, ehiomif^ oxide, or tungstu* 
oxide is similarly treated ; potassium sulphate, ur eliloridf', is not decomposed by 
this treatment ; sodium phos])hate, arsonite, or sulphate is but partially de(‘om- 
posed ; while tantalum and columbium oxides are completely converted into volatile 
fluorides. J, J. Berzelius found that dry anuiioiiium fluoride attacks glass in the 
cold, and, according to J. Davy, ammonia, and ammonium fluosilh'ate, (NH4)2SiF6» 
are formed in the reaction ; hence the use of ainnumium fluoride for eteliing gflass. 
H. Will says that 0*0 to 10 per cent. soln. of the salt do not attack gutta})ercha, 
and the soln. can be kept in platinum, silver, or guttaperi^ha vessels. 

Ammonium acid fluoride, or ammonium hydrofluoride, (NJl4)HK2, or 
— J. C. Wiegleb ® found aq. soln. of ammonium liuoride gives iill ammonia gas slowly 
at ordinary temp., more rapidly when heated, and ammonium hydro fluoride, 
(NH4)HF2, is formed ; there is a hydrolytic reaction : (Nil4)HF2. 

In moist air also the solid salt i.s readily transformed into the acid salt. 
J. J. Berzelius, indeed, ]>repared ammonium hydrofluoride crystals by evaporating 
a soln. of the neutral salt at ammonia gas is at the same time evolved^ 

H. Rose made it by saturating c ommercial hydrofluoric acid with amnlonia, and 
I)recipitated any impurities whicli might be jiresent by treatment with ammonium 
sulphide and carbonate. After set.tling in glass vessels, the clear liquid w'as evapo- 
rated to dryne.ss on a wator-both. 

According to J. (J. G. de Marignac and B. GoSvsner,^ ammonium hydrofluoride 
forms rhombic crystals with axial ratios a : h : c-^-AyiuH) : I : ()*8()2r), and A. des 
Cloizcaux found crystals which were optically uniaxial aj>j)roximating to the 
tetragonal system ; hence, says P. Groih, this salt probably exists iff two poly- 
morphic forms. B. Gossiier gives tlie sp. gr, 1*503, and C. H. D. Bddecker, 
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1*211 (12*^). According to H. Rose, the dry crystals are not deliquescent ; 
J. J. Berzelius says they are. The crystals have a negative double refraction. 
Ammonium hydrofliioride volatilizes completely when heated. According to 
H. Rose, when ammonium hydrofluoride is mixed with silica or a silicate and 
calcined, the silicate is more readily decomposed than if hydrofluoric acid had 
been used. On electrolysis with a current of 5 amperes, 0. Ruff and E. Ueisel® 
obtained fluorine. 
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§ 14. The Alkali Chlorides 

'I'hou shalt otter salt with all thy meat oftermg8.- '-LEviTicu.s. 

Sodium (diloride, commonly called suit, has been used in seasoning food from 
very ancient times. There is some doubt if the term was known to the Aryans 
before the linguistic He])arution. Isodorus, a writer near the beginning of the 
seventh century, said that tlic word salam is derived from sol because it is obtained 
by the action of the sun on sea water ; otijers have su])posed the word salt to be 
derived from exUire, to crackle and spring aljout, because common salt decrepitates 
when heated. Salt is frcquentlv mentioned in the Bible, and the .lewdsh rites as 
well as those of almost all other nations, testify to the high esteem and sanctity 
with wiiich the ancients regarded salt. The iuo<lern Arabians are said still to 
practise the covenapl of salt, but only on occasions of the Inghest importance. The 
superstitious custom of throwing a pinch of salt over the shoulder in order to pro- 
pitiate the fairies is probably tlie survival of an old superstition when salt was 
always included among the offerings to the gods. The Roman historian Pliny 
writes on salt in his Nuturalis historia (31. 41). He says : 

The higher enjoyrnonis of life could not exist without the use of salt. So neoes.'^ary i.«i 
tliia substance to mankind that even the pleasures of the mind can be ('xpressed by no 
better terra than the w^ord salt — a name given to all ettusion of wit. All the amonities of 
life — supreme hilarity and relaxation from toil- — cannot be characterized bottc'r tlu\n the 
salt of life. Even in the very honours bestowed upon successful warfare, salt plays its 
part, and from it our word salarium is derived. 

The term salarium or salarium argentum — salt money — was used by tlio Homans 
for the ])ay of generals and military tribunes, and hence followed the term “ salary ’’ ; 
in some cases a man might “ not be worth his salt.*’ 

Salt is considered to be an essential constituent of animal food ; and it is said 
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tliat there are few things more distressing than salt hungery and tlie dreaded fiah 
to^iiire of the Chijiosc pi'ovides the victim witJi ajn[)le f(»od ))ut no ssalt. One wril 
estimates that ahuiit Ihs. of salt per head of j^opulation ])er amuiiu are usimI 
directly or indirectly with tlu' food (»f man. The 0*1 per cent, of Iiydrothloric acid 
present in tJie gastric and mucous fluids of the alimentary canal is derived from the 
decomposition of salt taken with the food ; and it is estimated that a man retjuircs 
between Ki ajid 17 lbs. of salt ])er ajimim merely for satisfying his nornml pliysiu- 
Jogical requirements. Plant eating animals get minfli c»f the salt they re({uire from 
grass and leaves, and they liaA c been known to travel hundreds of miles to a salt- 
Uch\ or salt-spring^ in order to satisfy their craving for salt. Carnivorous animals get 
their salt fro!]i the blood of the animals on which they feed. 

G. Agricola ^ treated salt as a terrarum species, and s])oke of sal Jhssilis (»r 
Bergsaltz ; sal fossil is pelluccns or sal genuna ; sal nairinns or Baisaltz or J/crsaltz ; 
sal lacastris or iSccsalf: ; sal cxcoctas or Gesoite nsaltz ; and sal amnamiacas or sal 
(ivwuiniac. ,J. G. Wallerius described Kocifsolz or Kuclnaisah (?naria, sal commune, 
or sal Agricola) as oue of four kinds of salts. Allied to rock-salt, (maria Jhssilis punr. 
or sal gemma) ihen* were Saherdcy Stflisfcin, Baisaltz (Spanischsfih or Aeesah), 
niuna murirKt oj‘ sat tnarinuni, t^tramlsalz or Scifrnrmsalz, i.t\ sea-sail found in stJim* 
places at the })ottom of the sea. or obtaijied by the evaporation of scat-water ; and 
Brunnensalz (e.g. Lilnehurg salt, maria Ji>ntana, sal Jh)ifan am —ohtiuuexl by tla‘^ 
<*\'aporation of s])j‘ing water). ]\. J. Haiiy called salt, simde mariaten or niariittc dc 
soadc ; K. h\ (docker j)ro[K)sed the tewm halite for rock-salt. 

Up to tile middle of the eighteenth century, tlic akdnnnists <’,onfusc(] the. sodium 
and j>otassium salts gcmerally, and, as previously indicated, it was not until 17()!2 
that A. S. iMarggraif was able to demonstrates liow th(‘ two types (.d salt diilert'd. 
and that, usually, })otassium cliloridc^ is the main ]>r()<luc( of llie action of muriatic 
acid oil the ashes of land [)lants. About this time, imaginary therapeutical virtues 
were, attributerl to j)utassiani ('hkuide, which W'a.s called set fvln'ijaiie, iiiid Sgh'ias' 
salty or scl di(/rsiij'de Sglrias. J. (C Wallerius included Jr^ylvius' salt among the 
'^mincralia art i Jiciaiia , «Mnd dist inguished sal artijicialr 'muriadcam or artilicial salt 
made by saturatiiig s[)lrit of salt, ^vitll alkali, from sal aifijicialc tnariaficani alhaii 
nnncrali pra:para(ani and sal artifteialc rtiarinlicam alkali rcgetahilc prccparuticm , or 
sal regem rattrm, J. B. lb)iue de i'Jsle said that Vacidr, nairin- coinl)ines Avitli Valkali 
Jrxe mtn< rale^ forming a neutral salt which is everyw here kiiowm as scL mari}i and is 
also called scl g*‘'tnm»‘ ; and this acid also combine.s wdtli Ihdkali fixe vegetal, forming 
a neutral salt wliic.ii is named svl J el >r if age da digestif de i^ylrias, and set nmrin regenere. 
P. 8. Beiidant proposed the name sglrine, and F. 8. Dana, sylvite, f<jr [potassium 
chloride. 

The occurrence of sodium and potassium chlorides.- -Native salt is .sometimes 
eall(*d hahtv, but more usually rock-salt in (ifermauy Sfeinsaiz, and iu France seL 
gvnunc, Jt oenirs in very many places, and there an‘. immense dej)osits in alnu'st 
every civilized country. Rock-salt is foiirul at Wiusford, NantwicJi, Northwich, 
Middlewir.h (( 'lieshire) ; J'reesnl (Jjaneashire) ; Pa rrow-in- Furness (Lancashire); 
aufl at 8tf)ke Prior and Droitwich ( Worcc.spu’shirc). Julius (^esar *- mentions that 
he found tlui native's of Cheshire manufacturing suit by pouring brim*, over charcoal 
faggol.s, and seraping oil tlie crystals as they were fljrmed. Tin* Romans taught 
the Britons tlie. oj>en-pan system of evaporating brine, and this lias r(‘maim*d the 
principal nadliod oi maniijactiiring salt (iown to rectmb days. \Vlu‘n<‘e IIk* Homans 
obtained tin* metliod is unknown. It is reputed to Juive been used in India, and in 
(Jiina an ind(‘linitely long tina* ago. The t»arlie.st detaih'd d(*scription of salt-making 
appears in G. Agricola s De re nmtalhea (Basil, loRJ). Borings at Northwich show 
that then* is a b(;d of salt about 7o ft. thick, about 14t) ft. below tJie surface, 
b<*neiit}i tliis tliere is a stratum ot marls about JO ft. thick, and tlien comes a second 
bed of r()ck-sa)t oye r 100 ft, t hick. Below this are succ(*ssive thin beds of suit and 
Jnarb 1 lie ( heshire salt-beds (‘Xtend over an area of 10 by IG miles. 

4 h(*, names of some localities indicate the antiquity of the salt industry, since, 
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in Saxon times, a place where salt was dug was called a wich or wych, and the 
buildings where the salt was manufactured, wych-househ\ 

The torni wich or ivych seems to be derived from tlie Anglo-Saxon wic, or the Norse wig 
--a dwoning-[)lneo. The haniJotn established by the Norse and Dane pirates on bays and 
inlets were called wigti or xvicheS ' — hence the name Norwich, Sandwich — bay salt was made 
in these places, and hence the ttani %oich came to be identilied with salt, and lost its original 
moaning' —village. In Austria ancj Germany, Hall has a somewliat analogous njeaning — 
for instance, Halle, Hnllstadt, HeichenhalJ, t riedrichshall, etc., are all jjlaces which have 
been connected with the salt industry. In England, llalsall, Halstead, and Halwick have 
a similar derivation. Jn Gcinnany, llio H alffornt- —na\t forest — supplicid the salt works 
with wood fuel ; the Hallgntf - — salt count — posse.srtod the mineral rights ; the Hallhurg — 
salt o<j,stle — was the castle whore the llallgraf lived ; and workmen were called Hallorcn ; 
and the Heller was a small coin used in the salt districts. 

Balt is also found near Carrickfergus and Jjarne (Ireland) ; and Stassl'iut (Prussian 
Saxony). The salt deposits near Jletz Zaschtfdiit}" (Orenberg, ILissia) are said 
to be the vii-liest in the world. The lull of rock-salt near Pardona (Spain) has been 
qiiarrie.d since the time of the Romans, for Pliny mentions this deposit and said 
tliat medical men jireferred salt from this locality above, all otlun-s ; and he added 
that the salt quarried from the mountain at Orommnis (India) brought a larger 
revenue to tlie (*xchequcr than that arising from gold aiid ])earls. The AVieliczka 
deposit in the (.\‘ir|)atliians ((bilicia, Austria) has be(‘n worked since the eleventh 
century; aTid it is said to be olJG miles long, miles broad, and 12t)t) ft. thick. 
The galleries and chambers in this mine extend over 30 miles in length, and yield 
oo.OOO tons of ruck-salt per aiinniii. The mine is one tjf the show'-))lace3 for visitors 
in the district, for, as E. Darwin expressed it : 

Oavernod round in Cracow's mighty mines. 

With crystal walls a gorgeous city shines; 

and tlu‘ subterranean town includes a market-place, river, and church. Salt is 
found in numerous other places — California. Louisiana, Utah, Kansas, New York 
State, Virginia, Ohio, Michigan (United States); (Ontario ((.'anada), Mexico, ete., 
and in nunieroiis localities in Asia and Africa. 

Salt is very widely diffused in the waters of the globe. .Most rivers curry traces, 
and when they dischaL’g(» into land-Iockeil basins, and when tlu', waters are cone, by 
evaporation, salt-lakes are formed, 'the waters of tlu^ Paltic. Sea contain between 
0*2 and 0*8 per cent, of saline juatters, wlicreas the waters of the Dead Sea contain 
up to 25 per cent. It lias been estimated that next to w'ater, salt is one. of the most 
abundant mineral snb.stances on the (‘.rust uf the earth. Tlie composition of the 
solids held in soln. in the waters of a number of oceans a.nd seas is indicated in 
Table XIY. 


TABLK XIV.'— PJ3RCEN tack CoMTOSlTTON OF THE SOLIDS ITS SOX^OTION IN OpEN AND 

Olosko 8eas. 


Wateia. 

Cl ' 

Br 

SOi 

cOs : 


K 

Ca 

Mg 

Atlantic Ocean 

. 35-20 : 

0*19 

7-69 

0*21 

30*59 

1*1 1 

1-20 

3*72 

Arctic Ocoan 

. ; 55 ;30 : 

0-11 

7*78 

0*07 

30*85 

0*80 

1*21 

3*75 

Indian Ocean 

. 55*41 

0*13 , 

7*79 

0*05 

30*80 

0*S.> 

CUi 

3*67 

Meditc^rraneaii tSca 

- 55*30 

0-16 

7*72 

0*19 

30*.>1 

1*12 

1*19 

3-81 

lilaek Soa 

. .55-12 

0*18 , 

7-47 

0*46 

:io-4« 

1*16 

1*41 

3*74 

Red Sea 

. ; 55-60 

0-13 

7-65 

0*02 

30*81 , 

0*07 

0*80 

3*87 

Hoad Soa 

. 05*81 

2-37 ; 

o-;h ; 

trace 

11*65 

1 *85 

4 73 ! 

13*28 

Elion [^ako 

. 64*22 , 

— 

6-82 ! 

0*04 

1 11*27 

— 

01 0 ' 

17*55 

Utah Lake 

. 24*75 

— 1 

28-25 ; 

]2*35 

: 18*19 

2*17 

5-90 ; 

6*18 

Cas^’tian Soa 

. 42*04 

0*05 

23-99 i 

0*37 

j 24*70 i 

0*54 

2 2*.) ' 

5 97 

Groat Salt Lake 

. ; 55*99 

1 trace j 

6-57 

, 0*07 

: 33*15 i 

1 •6(> 

0*17 ; 

2*52 

Owens Lake 

. ; 25*67 

1 — i 

9-95 

i 32*51 

i 37*38 , 

2*18 

0*02 1 

i 0*01 

_ 


! „ j 




1 1 

- - 
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It will be noticed that although the proportion of salts in soln. may vary froju 
1 to 4 per cent., the composition of the solids {i.e. the evaporation -residue) in open 
or partially closed seas is not very different. This is shown by the first six analyses 
in the Table XIV. When the proportion of salt is low, owing to dilution by fresh 
W'ater, the proportion of lime is usually rather greater. With land-locked seas, 
there is no such uniformity as is observed in the ocean. Although the composition 
of the evaporation residue of some lakes is closely allied to that of sea- water — c.//. tin* 
Great Sfflt Lake — c'aoh lake must be considered separately ; the individual peculi- 
arities are largely determined by local conditions. At one end of the Caspian Sea, 
the water has a comparatively low salinity, 1*294 ; in the Karaboghaz Gulf, it is 
28*50, and saline deposits are forming on the bottom. The character of the solids 
is also determined by the solids brought in by the feeding tributaries— c.//. the 
saline matters in the Dead Sea resemble those contained in the motlier liquid of 
sea- water after the extraction of the sodium chloride. Tlie water of Gw'cns Jiake 
yields trona on eva))oration ; and that of the Borax Lake (California) borax. The 
couiposition of the waters of Elton Lake varies with the season — for example, in 
spring the melting snow materially alters the composition of the water. 

In nearly every case, the rock-salt scejns to have been deposited from sea-water 
which must be cone, to about one-tenth its original volume before the salts begin 
to (Tvstallize. The potash and magnesium salts arc usually missing ; as a rule, 
rock-salt is not accomjianied by any notable quantity of these salts. The d(*posits 
at Stassfiirt are rather exceptional in their completeness. 'rrac(‘S of [)otassiuni 
salts have been precipitated with the rock-salt, although their presence is not 
Uwsually show'll in the analyses. C, G. C. Bischof attributed the almost co?uj)Iete 
absence of potassium chloride from rock-salt to its gr(‘ater solubility in water. 
Gyi)Siim is usually found either associated with the salt itself, or in tlje adjoining 
strata; if not, it is inferred that the sodium chloride is of secondary origin — 
possibly leached from the beds deposited elsewhere. The salt, deposits of Texas 
and Louisiana arc notew'oilhy in being associated with sul])liur, sulphurous gases, 
and petroleum, Imt whether this deposit is of marine or volcanic origin has not 
been demonstrated.'^ A. W. Grabau ha.s disc.usscd the origin of salt-tl(‘posits. 

Rock-salt oc-ciirs to a very small extent as a V(dcanic product, w lu/re it is probably 
])i‘odiiced by the action of hydrogen chloriile ])res(‘nt in tiie volcanic gas U])on the 
lava. It is found as a white crust or loose [)()\vdcr in tlu^ ciat(‘r. Pnblislied analyses 
of crater salt show that the ratio of K(’l : Na(’l ranges from I : 0*()G2 (o 1 : 0*9*18. 
Hie data in 'J'able XV are sel(;ctcd from published analyses of rock-salt with 

Tablu XV^- — Composttion of Koi k-H.m.t. 


Source. 

xVaCl ‘ 

i 

KCl 

MkCIo 

CuSO, 

(JaCla 

Autheilty. 

Stassfiirt . 

. 

07-99 ' 


0*03-0*25 

0*20- 0*35 

0"04 0 - s : 

1 \’arious sources 

Wk^lic'/.ka (Oalicin) 

on 99 > 

— 

— 

— 


(1, Hiw-hof (18.53) 

Cardona (Spain) . 

98 05 : 


0*01 

9 44 

0-99 

(}. Jlis/*hof (ls53) 

Midditv-ihuroiigh . 

98-42 : 

— 

0*12 

0*21 


<4. VVilHf>ii (1888) 

Cho.shiro 

. 98-32 ^ 

1 

0*18 

j 0*62 

0*21 

K. Dufrenoy ( J846) 

Goderich (Canada) 

' 99-69 1 

— 

0-10 

1 0*09 

! 0*03 

T. S. Hvmt. (1877) 

Louiisiana (IJ.S.A.) 

: 98-73 : 

— 

OOJ 

' 1*19 ' 

1 - — 

: F. W. 'J'ayJor (1883) 

Looncito (Aigentinc) . 

81-49 1 

17*48 

, — 

1 *00 


J,. Hai-peruth (1890) 

Vesuvius . 

33-9(1 ! 

58*07 

0*80 

1*22 

1*78 

U. Fmla (1889) 


the water ancl insol ubl(* matters omitted. The potassium chloride docs not appear 
to have been determined, althougli, in some cases, it exceeds the amount of 
magnesium Hi loride. 

Sylvine or sylvite oiuairs in the, Stassfurt salt dejiosits, and it is associated with 
halite or ro(;k-salt in voI(^.aiuc salts ; in the aalt-miiu's of llallem (Salzburg), Kalusz 
(Galicia), Mayo (Punjab), Asnapuquio (Lima, Peru), and many other places. 
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Published analyses of Stassfurt sylvite give a percentage composition ranging as 
follows : 


Cl K Na Mg Ca SO» H 

47'2-29-3 44*8-53'2 0'3~5*5 001-0*2 0*07 0*003-0*5 0*38 

The separation o! salt from sea-water and brines. — ^According to Dioscorides, 
aXo^ ax^V* sca-foani left in-shore at high-water, on evaporation, leaves salt 

behind ; and in Pliny’s Naluralis Imforia (31. *39-40), it is said that salt was obtained 
by boiling the 8j)ring-waters of Chaonia, and that in Crete, salt was obtained by the 
evaporation of sea-water in 8alt-[)an8 ; in Capjiadocia, w^ell and spring water was 
similarly evaporated ; and in Egypt, sea- water was allowed to overflow into en- 
closed basins on the sea-shores and there allowed to evaporate. 

Countries not favoured with rock-salt must either import salt from more favoured 
countries, or resort to the cone, of sea-water, or of the brine from salt-springs, etc. 
Evaporation is not an expensive process in w’arni countries, or where coal is cheap. 
The brine is cone, by solar evajioration, in large hollow tanks or ponds exposed to 
wind and sun, on the shores of the Mediterranean and the Black Seas ; on the 
tide-lands around San Francisco Bay ; and on the banks of the brine-lakes of the 
United States. According to C. Ochi/'* l(),0<j() tons of salt are annually extracted 
from tlie sea- water at Kaoo-Chew Bay (China). 

Thii ponds on the Mediterranean are made from puddled clay, and called salt 
mvdows, salt gardens, ynurais salants, or salt ponds . Sea-water, sp. gr. 1*026, is 
admitted into one pond at high tide by means of a sluice an<l dyke, and cone, to a 
sj). gr. approaebing 1*210, and it at the same time deposits calcium carbonate and 
iron oxide. The brine is then run froni the concentration ponds to the crystallization 
ponds, consisting of a series of rectangular compartments where the liquid is still 
further cone. When the sp. gr. of the brine reaches 1*285, salt of nearly 96 per 
cent, purity crystalli/wcs out. A less ])ure salt is obtained by further concentrating 
the mother liquid. I’he crystals of salt as tliey soparaOi in the crystallization 
pond are lifted out by imniuH of perforcated shovels, and allowed to drain alongside. 
The lieaps of salt dry slowly, and the jnore deliquescent impurities — mainly 
magnesium cliloride — are drained off, or washed out by occasional showers. An 
average sample contains the eq, of 

Na€I MgClg CaSO^ MgSO^ Earthy matters. Water. 

9511 0-2.5 1-30 0 91 0 10 2-56 

The mother ]i<(uid, called bittern, is fiirtli(*r cone, for crystals of sels mixtes — a 
mixture of sodium chloride with al)out 40 per cent, of magnesium sulphate — which, 
when re-dissolved in water, furnislies crystals of Glauber's salt, Na2SO4.10H2O, on 
cooling to 0 ' : 2Na( l-|-MgS() 4 ^^IgCL-(-^a 2 SG 4 . The further cone, of the brine 
gives a crop of crystals containing impure carnallite, MgCU-KCLflll^O, which is 
treated for |)otassiu!n and magnesium salts. The motlier liquid remaining after 
the e.xtraction of sea-salt contains 2*3 to 3*5 per cent, of potassium chloride and 
magnesium sul])hatc and chloride, Thisliquid furnishes crystalsof carnallite. Accord- 
ing to K, Nishimiira,*^ the separation of carnallite is very incomplete owing to the 
formation of a double siilj^hate ; to avoid this, it is recommended to keep the ratio 
MgS 04 : MgCly in bittern below 0*11, by adding the mother liquor of the carnallite 
to the bittern. In this way, a 75 per cent, yield of carnallite can be obtained. 
The remaining mother liquor can be treated for bromine. 

In cold countries — e,g. on the shores of ilie White Sea, or Siberia— tlic sea- 
water is cone, by freezing. The first crop of ice which separates is removed, and 
the residual brine is again cone, by allowing it to freeze. After removing tlie second 
crop of ice, the brine is cone, by evaporation over a tire until *salt separates fn>ni the 
liquid. 

The winning of rock-^ali— Rock-salt is often mined by bringing the- solid to the 
surfa(;e in lumps-“-c. 7 . Wioliezka, Carvickfergus, etc. In some cases, the salt is mined 
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by forcing water down into the beds from a surface well made for the purpose — e.ff. 
Cheshire, JUichigan,^ etc. The brine is afterwards pumped to the surface, and the 
liquid (^onc. in salt-i)onds ; or by allowing the soln. to trickle from elevated tanks over 
ricks of brushwood — called gradnators — so aiTanged that the soln. is fully exposed 
to the prevailing winds ; or the sat. brine may be evaporated in shallow pans— 
salt-yam — heated artificially, as is the case in Cheshire, etc. As the salt crystallizes 
out, it is removed by means of }>erf orated shovels, and dried with a centrifugal 
machine, or on stone or iron floors heated by the waste gases from the flues below the 
salt pans. If much calcium sulphate be juesent, it will separate first from the 
brine, and it must therefore be removed before the salt. The potassium and 
magnesium salts separate last. Natural brines are cone, in a similar manner or by 
sol ar e va| >oTa tion . 

Brines are also cone, by evaporation under reduced ])ress., i.c. in \vhat are called 
vacuum yarn heated by steam, and specially designed to eliminate difliculties arisijig 
from the tendency of the brine to deposit a hard scale or crust of calciiun salts. In 
some cases, the magnesium salts are first [decapitated as magnesium hydroxide*. 
i\Ig(OH) 2 , by the addition of milk of lime, and the calcium sulpluito sii]>scquontly 
removed by ])re(;i[)itation as carbonate by the addition of ammonium caihonate 
liquors. The decanted liquor is then cone, in vacuum pans. 

At Carrickhirgus on the Belfast Lough, the rock-salt for a time was mined and 
]>uritied by a modern ada[)tation of an old Wnrteml)erg jducess in which the mined 
product was conv^ijed to the furnaces and r(‘fined by Jl. T(*e's j)roc(*ss.® in this 
])rocess, tlic rock-salt is crushed an<l ni(‘lted. Air under [)ress. is driven tluougii 
1 he molten ma.ss at a])OUt , when tlie ini|>urities are oxidized. 1’he foreign 
matter seit]»*s, and the m(»lten salt is run into a 7‘otating [>an, wliere it is ciysi allized. 
The salt is t Iicti conveyed to crushing and sit‘Vjng machinery, when* it is graded into 
difl'en*ni vari<*ti(\s of tiiiished salt. The proc(‘ss of ])uriji<'ation was sai(l to occupy 
no more titan If) min. '.riie ])roeess was tried in Ilexu'o, but. in the words of 
W. L. Bonney, tiie cost rendered tiie experiment a failure. ; it could not compete 
Vv'itli tlie tt)anufa<‘.tnre of salt din‘ct from ))rine. 

ff fine-grained lahla salt is Ticoded, tiio brine is evaporated nearly at its b.p. ; but for 
tlu) rnanufactiiro of coarse -grained Jisli sally the ('viiporation is condueteii slowly at a 
C(>iii|)arativ('ly low temp., 15', so as to get Lho salt in eomjiaratively large ejysjtals. The 
linishf^l salt will b<» eontaininatod with bnt small t[uantities of otI)er salts as i»»jpuriti<\s — * 
caleiuin chloride, magne.siu in chloride, ealciuiii snlj^hatt', and inagnesinni sul])hatt\ Cheshire 
salt, for iiistanco, contains about DS ;^ ])(*r cent, of sodium chloride, and the. remaindor 
consists of insolublo matter, falcinni sulphate, and magiu'siuiii and faleiuin chlorides, 
llarriilcss impurities may bo pnrptjsoly adtled in order t(> restrain tho <leli(pieseence of 
rnagnosiurn chloride, etc. TTius (he sn-eaJled evrebruti sail is saicl to coiitaiu ataait pm* cent, 
of hone meal---eaJeium pbo.sphate. 

The extraction of potassium chloride from carnallite. lAflussinm chloride 
occurs associated with uiagne.sium chloride iu carunllite, and although formerly 
potassium eldoride was [U'ineipally obtained from sea-water - e/V/c -much of 

the commercial salt is now ol)taiiied from earnallite, Mg( ’h>. Ivd.bJLO, of the 
Stassfurt depfisits. ('nidi* (arnallite contains the eii. of Ifi per (cnt. of potassium 
chloridi*. 

f bo crude carnallite is crusluwl and digt^stod iu largo tanks with tho mother liquid loft 
f7*<Mn a proct'ding cxtraetjori. U’his litjuid contains childly magnesium chloride. Tho 
inixiure- is hi5atcd by blowing in stf*ain, and it is kept at its b.p., about 115*^, until it has 
dissrdved maximum amount of tho criido salt. lN.>tassium ehlorido readily dissolves 
in this Inpiid, whil<^ most of the .sodium cliloride, and magnosiurn sulphate or kic'serite, 
a.s.sociate.<i witli the liiiHle carnallite, remain iindissolved. Tho lii^uid is allowed to settle 
for about aii hour, and then decanted into largo iron vats and tho clarilied liquid alloweil 
slovyly. Crystals containing (M to OU per I’cnt. of ])otaHsium chloride are deposited 
lho impurities are mainly sodium chloridi' (20 22 per cent.), magnesium chloridi^ (7 ’5 to 
' P^!’ cent. ), anil magne.-ijnm bromide and calcium sulfjliuic (0*4 per cent,), d'he ])rinciples 

underlying the proce.ss will appear from the study of Kig, I, Ctqv. XI. The crystals of 
potassium eldoride so obtaini’d are washed with cold water so as to remove the more soluble 
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sodium chloride. This process yields a product containing 85 to 98 per cent, of potassium 
chloride, according to the number of washmgs employed. The further purification of 
the salt involves ro-solution and re-crystallization of the product. The mother litjuids are 
worked uj) for more salts, and finally used for the extraction of a fresh lot of crude carnallite. 

Potassium chloride is also extracted from sylvinite, a mixture of sodium and 
]>oiiissium chlovidos, by a similar process to that used for carnallite. 

The purification of the alkali chlorides* — Sodium — as well as potassium, rubidium, 
or CtTsiurn — chloride can be puriticd by adding cono. li}^drochloric acid to a cold 
cone. aq. soln. of the res])ecliv(3 salts ; better results are obtained by ])as8ing gaseous 
hydrogen chloride through the salt soln. The two chlorides are but sparingly 
solulde in cone, hydrogen chloride. The impurities remain in soln. while the 
c.hlorides are ])reci})itated in a very fair state of purity. In facjt, with suitable 
precautions — the use. of platinum vessels, and of highly piirifi<'d sodium carbonate 
as the source of the sodium chloride — an exceedingly pure salt can be obtained. A 
[mre salt cannot be made by preci])itatiiig the impurities, but must itself be pre- 
ci]>itated or crystallized from a less pure soln., and therefore T. W. Richards and 
R. (J. Wells ( Ib05) considered that tliis process is the la\st possible method t>f purifying 
sodium chloride since the included hydrochloric acid can be readily ex)>elled by 
fusion. J. S. Stas® preparc<l highly purified sodium chloride in tlie following 
manner : 

PuriliCMl soflium carbonaf o along with a little piiritiecl ammonium chloride was dissolved 
in water, and a stream of purified hydrogen chloride ]jassc:d through the. litjuid. H hu soln, 
wa^ cvaporat<"d to drymv^a in a platimirn retort, and strongly h(*atcd to vctai Dizo tho 
an\ruonium aali-. The cold mass was dissolved in water, a little purified ammeiiium chloride 
and chloro])la1ifiatc wen' added, on the assumjUion that potassium chloro])latinato would 
he wholly preei])itated if potassium salts were present. 'The lifiuid way alJovved to stand 
for 24- hrs. to enable any silicatt'S or nlurninatey to settle. Tho clear decanted liquid was 
again evaporated to dryness iu a platinum retort, and strongly heated to drivt^ off the 
iiininonium salts, and to decompose' the platinum salt. On cooling, the still molten mass 
was poured into a platinum dish ; and when cool, was dissolved in water. After standing 
a cuiiple of days, the clear licjuid was evaporated to dryness in a platinum retort, and 
fused. On vaporizing It) gnus, of the salt in a weighed platinum boat, J. S. Stas found 
that the laiti^r gained in wt. e<p to a nomvolatilo impurity of 0*004 per cent. the non- 

volatile residue consisted mainly of silicates of calcium and sodium. 

T, W. Kicluirds and R. ( \ Wells have pointed out that although fused salt 
lias but a vi'ry slight solvent action on platinum at 8(M.)°, a notable quantity is dis- 
solved w^hen ammonium cliloridc is pre.scnt, and therefore Stas’ test does not neces- 
sarily show the absence of a greater amount of insoluble matter than he observed 
because an appreciable amount of platinum itself w^ould be volatile wlien heated 
for half an hour at a high tvmp. ITo\v<^vcr, T. W. Ridiards and R. C. AVells add 
that the imjairity in Stas' sodium (diloridc “could hardly liave exceeded 0*01 per 
cent.'’ T. W. Richards and R. 0. Wells omitted the arnmonimn chloride and 
chJoroplatinate. treatment, and j)ie])ajed sodium chloride bv precipitating this 
salt from an aq. soln. of purified sodium carbonate by means of hv<irogen chloride. 
They then fused flic dried salt ; digested the cold cahe in water ; and, after allowing 
the soln. to stand for a long time, decanted tlic clear uj)per portion of the liquid. 
This soln. w'as cone, and treated with hydrogen chloride, as before. No difference 
in the degree of purity of this salt could be tietected and that of the salt prepared 
by re})eat.ing the treatment four times more -and the results obtained with this 
salt agreed with those obtained with salt prepared l)y the action of livdrogen chloride 
on puritied sodium sulj)hate ; and by tlu' fractionaf crystallization of stdeeted trans- 
parent colourless crystals of Stassfurt halite. Sodium cliloiidc. is therefore com- 
paratively easy to purify. Fusion of the salt in vacuo gives results anal<^gous 
with tliose obtaineil by fusing it in air, and it is therefore inferred that there is no 
risk oi occluding oxygen or nitrogen ; and that the water can he expelled by fusion 
without risk of losing the halogen. 

It is very difficult to prepare sodium chloride quite free from the potassium 
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salt. C. Lohinnn^i found commercial chemically pure sodium chloride to 
jcontaiii nearly 0\> i)or cent, of potassium chloride, and this even after purification 
by the ac^tioii of hyda\uen chloride on an aq. soln. A sample prepared by dissolving 
metallic soditiin in distilJed water, and neutralizing the ]>ro<Juct with hydrochloric 
atdd contained 0 27 })er cent. The potassium was mixed with the metallic sodium. 
According to V. C. Shipee (]!)()7), if the samples bo recry s tall ized fi’om water four 
times, tlie amount is reduced c<insidorably below 0^03 per cent. That prepared 
fruJii metallic sodium contained (>*01 per cent, of potassium chloride. 

The preparation of alkali chlorides. — I'lie chlorides are formed by the action 
of chlorine or liydrogen <‘hlori<lo on the res])ective metals ; by the action of hydro- 
chloric acid on the. oxides, hydrc>xitlea, or carbonates ; or by treating an aq. solm 
of tlic alkali sulphate with barium chloride. The wsalts of the rarer metals are 
o])tained at intormediute stages in the extraction of the metals from their ores. 
JTost of the chlorides are conveniently purified })y passing liydrogen chloride through 
the cone, atp soln., and fiisiriir the products in a quartz vessel in an atm, of hydrogen 
chloride, Init lithium chloride is fairly soluble in a(}. hydrochloric acid, although no 
acid salt has been ]>repared. The aq. sobj. of lithium chloride must be evaporated 
with ammonium (thloride, or in a stream of hydrogen chloride if hydrolysis, with 
the loss of hydrogen chloride, is to be prevented. H. Erdmann^- recommends 
the following process for the. prcj»aration of rubidium cliloridc : 

An intimate mix! me of 274 errms. of rubidium iron alum, or 200 grrns. of rubidixun 
aluminium alum with J 00 grrns. of calcium carbonate, and 27 grm.s. of aimnonium chloride, 

1. s heated in a nickel crucible to a dull rod heat until ammonia vapours are no longer evolved, 
and then the temp, is raised to redness. Tlic product is ground with a litre of cold water 
for ir» nnnute.s ; filtfjiod by miction ; and w'Uhh«?d with 400 c.e. of w'ut«u*, added in small 
portions at a time. 4'ho combined sulphuric acid is precipitatcil by tho addition of barium 
hydroxidi', and the Ultered li([uid boiled while u stream of earbon tlioxido is pivssed through 
the .soln. If the soln. loses its alkaline reaetjoji, and yiit retains some calcium, a little 
rubidium carV>onato must b») adfled to precipitate calcium carbonate. The sola, is then 
treated with hydrochloric acid and evaporated, 

T, W. Kichiirds and W. B. Mcldrum made highly ])iirified lithium cldoride by 
rcfieatodly eva|»orating tin*, [uirilied nitrate \vith an (\kccs.s of hydrochloric acid 
in a quartz dish, and tium fusing the jirodiict in an atm. of hydrogen chloride. 
'I'he chlorides of pota.ssium, rubidium, and CMCvsium have also been purified by 
]irecipitating with liydrocliluroplatinh*, acid, calcining the alkali chloroplatinate, 
and extracting tlie chloride with water. 
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§ 15. The Properties of the Alkali Chlorides 

The crystals of rock-salt are nearly always cubes or small octahedrons. When 
the crystals form on the surface of evaporating brine, distinctive hoj)per-shai)ed 
crystals resembling hollow quadrilateral pyramids are developed ; the inner 
surface appears to be arranged in a series of steps. D. I. Mendelecff ^ exjdains the 
formation of hopper salt crystals as follows : 

If a soln. of sodium chloride be slowly heated from above, where the evaporation takes 
place, the upper layer will become sat. before the lower and cooler layers, and t}ierefoi*e 
crystallization will begin on the surface, and the crystals first formed will float — ►having 
also dried from above — on the surface until they become quite soaked. Being heavier 
than the soln. the crystals are partially immersed in it, and the following ciy slaJlization, 
also proceeding on the surface, will only form cr^^stals by the side of the oi’iginal crystals, 
A funnel is formed in this manner. It will l>e homo on the surface like a boat (if tlie liquid 
bo quiescent) because it will grow^ more from the ujjper edges. Wo can thus nndorstand 
this, at first sight, strange funnel-form of crystallized salt. To explain why tlie ciystal- 
lization under the above conditions begins at the surface and not at the low^er edges, it 
must be mentioned that the sp. gr. of a crystal of sodium chloride is 210, and that a soln. 
sat. at 25° contains 26 '7 per cent, of salt and has a sp. gr. 1-2004 at 25° ; at 1 5^ a sat. soln. 
contains 26*5 per cent, of salt, and has a sp. gr. 1-203 at 15°. Hence a soln. sat. at n higher 
temp, is specifically lighter, notwithstanding the greater amount of salt it contains. With 
many substances surface crystallization cannot take place becau.se their solubility increases 
more ra})idly with the temp, than their sp. gr. decreast^s. In this case the sat. soln. will 
always be in the lower layers, where also the crystallization will take place. 

According to W. L. Bragg, ^ tbe X-ray spectrograms indicate that the arrange- 
ment of the atoms of the alkali halides is that of a simple cubic Inttice, and where 
the atoms are nearly all equal in size, the symmetry is cubic liolohodral — e.g, sodium 
chloride — and plagihedral when the atoms are markedly different in size — e.g. 
potassium chloride, or bromide. W. P. Davey and F. G. AV’ick obtained similar 
results with crosium chloride. K. Fajans and K. F. Herzfcld give for the distances 
a2)art of the atoms in the space lattice of sodium, pota.ssium, and rubidium chlorides 
respectively 2*817 X 10 3*141 X 10 and 3 28G X 10 cm., and for the respective 

lattice energies, 170*0, 159*0, and 154*6 Cals, per mol. 

The crystals have a cubic cleavage, and if a punch with a rounded end is placed 
against a cleavage face, and struck lightly with a hammer, tw^o cracks are produced 
perpendicular to the surface, and each crack is parallel to a diagonal of the cubic face 
so as to form a foiir-riiyed star. Wlieii mica is similarly treated, a six-rayed star is 
produced. These cracks form what are called impact or percussion figures — 
Schlagfiffuren, If a cube, of salt is ]>laeed diagonally in a vice, and comjnvssed, the 
cube falls into two pieces along a diagonal parallel to a face of the rhombic dode- 
cahedron. One half of the crystal slides over the other half, and tlie plane of 
gliding is called a gliding plane — Gleitfiaehe. Again, if a cube of salt is exposed to 
moist air, a film of moisture is deposited on the surface, and small ])its or square 
pyramids are etched into a cleavage or natural face of the crystal -etched figures. 

Gr. Tammann found that potassium and sodium chlorides form a continuous 
series of mixed crystals between 660° and 500°. Since neither salt has a transition 
point, the phenomena observed when the mixed crystals arc cooled must be attributed 
to separation of the components. With diminishing temperature, therefore, eiliier 
the attractive forces within the molecules of tlie respective chloride must increase, 
or those between the unlike molecules must be greatly weakened. The results 
ob^ined* by etching the individual crystals at the ordinary temperature indicate 
that the intra-molecular forces of the potassium chloride crystals differ from those 
of the sodium chloride crystal, or, more precisely, that certain lattice regions are 
more closely united in the former, whilst such ditlerencea are not observed in the 
latter. In tbe light of these observations, it is surprising that the X-ray analysis 
indicates the same lattice for each crystal. 

VOL. ii. " 2 m 
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The native crystals of rock-salt are either colourless or vary in tint from white, 
to dirty grey, to yellow, to reddish-yellow, and sometimes blue or purple. The 
colours are usually produced by impurities mixed with the salt at the time of 
deposition— ferric oxide gives a reddish colour ; clay or anhydrite a grey colour ; 
and organic matter a brown colour. In some cases these impurities have been 
deposited in layers parallel to the faces of the cube giving a series of light and 
dark striations. The deep-blue colour sometimes found in the salt of various mines 
has attracted attention from the beginning of the nineteenth century ; it is mentioned 
in H. Davy’s letters (1818). The cause of the coloration of blue $alt cannot be 
tra('ed by analjKsis to the presence of any known impurity ; and, as usually occurs 
in the absence of positive evidence, numerous tentative explanatmns have l)een 
suggested.’^ The colour has been attributed to the presence of oifganic matter 
(L. Wohler and II. Kasarnowsk}') ; to the presence of an alkali subhalide (E. Wiede- 
mann and G. C. Schmidt) ; to the presence of an allotropic modification of the 
chloride (E. Goldstein) ; to a solid soln. of the metal in the salt (J. Elster and 
H. Geitel) ; and to the presence of ultra-microscopie or colloidal particles of the 
free metal (R. Zsigmondy) — smaller than 0*4^. The blue (xdour seems to di.sa])penr 
in time, and also when the salt is recrystaUized from water, or heated abov(5 ii8()'\ 
The natural colour can be nearly rcj^roduced by the action of the vapour of the 
metal on the halide at a high temp. ; and by exposing a colourless crystal to the 
Rontgen or Becquerel rays, to radium emanatii>n, or to cathode rays. According 
to E. Newbery and H. Lupton, rock-salt is coloured lm>\vn throughout its mass I>y 
exposure to the action of radium emanation, while exposure to cathode rays giv(‘s 
a brown coloration on the surface ; sylvine is coloured blue by radium ; th(^ 
colour is evanescent, and disappears in a few hours — even in darkness. Cathode 
rays colour sylvine or puritie<l potassium (ddoride violet. The blue colour acqaire<l 
by salt in the cathode rays loses its ele(dric charge more rapidly in light than in 
darkness. Colourless sodium chloride, however, crystallizes frojii a soln. of sodium 
chloride in ammonia, but the organosol of sodium is blue. The blue (‘olour is-jiot 
affected by boiling the salt with alcohol ; or heating it with merc ury. According 
to E. Pioszczek (1906), analyses of blue-coloured rock-salt show O i per cent, less 
chloride than the colourless salt, the failurci of chlorine to restore tlic colour is 
said to be due to the protective action of films of the halide itself. According to 
R. Abegg (1897), an afj. soln. of the coloured salt is not alkaline, and does not exert 
a reducing action. 


When molten sodium chloride is exposed to the action of potassium vaj)ouT, some 
potassi\im chloride and sodiuiu ai'e formed, and Jl. Rose * ohtainod a dark-bluo mass 
supposed to be potassium subchloride, Kat'h by luclling potassium with potassium cdilorido 
in a stream of hyilrogen ; sodiujn chlori<le and sodium under similar conditions furnish 
a yellowish-brown mass su[>poscd to bo sodium subchloride, Na^Cl. 'Die oolourod mass is 
decomposed into the alkali chloride and hydroxide and hydrogen when treated witli Avater. 
Two years earlier, (>. KirchhofT and li. Bunsen also obtained colourless mosses about the 
cathode during the c»lectrolyMis of molten rubidium and e<esium chlorides ; H. Moissan also 
pr(‘parod what he considered to bo bluish-green rubidium subchloride, RhaCl, by treating 
rubidium hydride with hydrogen chloride gas ; and with eaisiuia hydride uncfer similar 
conditions, orauge-yollow caesium subchloride, CSgCl, was formed. According lo L. Wohler 
and H. Kasamowsky, the yellowish -brown colour of tlie supposed soduain subchloride, 
the violet colour of potassium Hubclilorido, and the sapphire bine of rubidium subchloride 
are removed by heating the respective aubstimccH to 570^", 400^, and 420’’, whereas the 
blue colour of native rock-salt is lost at 27 (as samples coloured artificially are decolorized 
at 400°). A. iV. Guntz also thought that, ho had prepared lithium SUbchlorlde, IdaCl, by 
boating a mixture oi lithiuin chlf>ride or lithium and i^otassiurn chloride with lithium carbide ; 
and by treating lithium ehlorido with lithium as in If.. Rose's process. Later, however, he 
found that the product is not lithium subchloride, LiaGl, but rather a mixture of lithium 
hydride and chloride. Attempts 'wero made to prepare this salt by heating a mixture of 
lithium hydritkj and chloride at 880° under i‘educed prt‘as. by heating a mixture of lithium 
ehlorido and lithium in tho presence of argon ; and by heating a mixture of lithium and 
lithium chloride in a hermetically sealed steel bomb, but the results neither proved nor 
disproved the firosonce of small quantities of the subcldoride. 
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H. Kose/s assumption that the coloured mass obtained by heating the alkali 
chloride with the vapour of the metal contains the alkali subchloridc, was largely 
based on the fact tljat no sign of a metallic substance can be detected by the naked 
eye, or under the rniiroscope. This evidence has very little value to-day. 
L. Wohler and 11. Kasarnowsky have emphasized the fact that, unlike aq. soln. of 
native salt, the artificially coloured halides give alkaline soln., and since analyses 
of the natural salt gave the eq. of about 0 010 per cent, of carbon and 0 008 per 
cent, of hydrogen, it is supposed that the coloration arises from different (pauses 
in the two cases. The blue coloration of native salt is said to be due to the presence 
of traces of organic matter, and the artificially coloured salt to a trace of metal or 
subchloride colloidal solid soln. R. Lorenz’s Meiallnebel ^ — metal fogs — which 
are formed during the electrolysis of fused metallic salts, appear to be analogous 
colloidal soln. — probably of the metal in the salt. R. Z.sigmotidy believes that the 
evidence favours the hyfmtliesis that the alleged subohlorides, as well as the blue- 
coloured chlorides, are in all probability colloidal soln. of the metal in the chloride, 
all the more so as J. Broun has shown that the coloured soln. of the alkali metals 
in liquid ammonia are colloidal. 

TIic blue luminescence observed by E. Wiedniaiin and G. C. Schmidt ® during 
the action of cathode rays on the alkali halides is probably due to the slight decom- 
position into sodium and chlorine by the cathode rays and their subsequent re- 
combinations to produce the blue luminescence ; if some chlorine escapes, tlic free 
sodium remains in colloidal soln. producing the blue salt. This is confirmed by 
E. F. Earnau’s observation that salts which have been exposed to the cathode 
rays can be made tem})orarily luminescent by heat ; the heat presumably accelerates 
the si)ced of n'combination, and so augments the intensity of the light emitted ; 
the colour of the emittfjd rays is the same as that produced during the action of the 
cathode rays on the salts. A. Arnold and G. C. Schmidt found that when sodium 
salts are exposed to the anode or canal rays, they emit first a blue luminescence 
like the cathode rays ; this is soon replaced by a reddish-yellow light in which 
the yellow /^-lines of sodium appear. These rays arc more violent in their action 
than the cathode rays ; after the exposure, the heating of the salt produces a blue 
tlierinoluminosc-ence. J. J. Thomson found that when lithium chloride is alterna- 
tiv^ely exj>osed to the action of anode and cathode rays in the same tube, the anode 
rays produce a bright red luminescence showing the characteristic lithium line, 
while the cathode ray lumines(jenco is steely blue, with a faint continuous 
spectrum. 

Thccrystalloluminescence of the alkali halides was first noted by E. Bandrowsky,'^ 
who observed the plienomenon during the rapid precipitation of sodium chloride 
by alcohol or hydrochloric acid. M. 'Frautz showed that, in general, the intensity 
of the luminescence increases with increasing reaction velocity. E. F, Farnau 
recqpamcnds cone, acid ; E. Bandrowsky, 23 j)er cent, acid ; and 11. B. Weiser 
showed that no light is obtained by preidpitatiug the salt from, a sat. soln. with 
acid of sp. gr. 11045, the light is brightest with acid of sp. gr. 1*1BX) ; and faint 
with acid of sp. gr. 1*1890 ; similarly with alcohol of sp. gr. 0’80t, a brighter glow 
was obtained than with alcohol of less or greater sp, gr. At. Trautz and H. B. Weiser 
also emphasized rapidity of mixing by agitation in order to get the best results ; 
the presence of gelatine decreases or prevents the luminescence. The slowness of 
tlui reaction at a low temp, may produce a less intense luminescence than at a 
liigher temp., otherwise, the brightest glow occurs at 0"^ — better results were obtained 
at 25'^ than at 0^ or 50", E, Bandrowsky supposed that the light was white like 
an electric spark, but H. B. Weiser showed that the colour is bluish-white, and 
that the colour of the lumines(5ence when sodium burns in air is similar, but slightly 
bluer than the cryatalloluminescence of sodium chloride. E. Bandrowsky obtained 
similar results with potassium chloride and bromide, and E. F. Farnau with the 
halides of the five alkali metals. 

The alkali chlorides — and indeed the alkali halides— form two groups : I . The 
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lithium and sodium salts ; and II. The potassium, rubidium, and csosium salts. 
In spite of the close crystallographic relationships between tlio halides of potassium 
and those of sodiun/or lithium, P. Groth® considers that these salts are not 
isomorphoiis. 1’his view is niainly founded on the work of R. Kricknieyer in which 
no signs of tin' formation of mixed crystals or solid soln. were observed when the 
halides sodium and potassium were simultaneously crystallized from an aq. soln. 
However, N. S. Kurnakoff and S. F. Schemtschusclmy ^ have shown that sodium 
and potassium chlorides do form mixed crystals which arc stable only at temp, 
exceeding IW"*. E. Janecko foiuid a minimum in tlie fusion cuu've of mixtures of 
the two salts under press. ; he has followed the whole course of tlio “ unmixiug ” 
curve of the mixed crystals of cooling mixtures of the two salts. is no reason 

for doubting the isomorphism of the halide salts of potassium, rubidium, and 
coesium. These salts are miscible with one another and form solid sola, as indicated 
in Tal»lc IV. The failure of the sodium-lithium group to form isomorplious mixtures 
with the potassium groups is not surprising in view of the marked dilTerences in the 
mol. vol. of the two groups as exemplitied in the subjoined scheme where tiic 
dilTerence between two adjoining numbers — vertical or horizontal — are represented 
in smaller type. 

Table XVI. — Molecular Volumes of the Alkali Halides. 
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Iodides 

. 32*7 

8*0 
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52 0 

0 *.') 

' 59- 1 

~ii'3 
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The difi'erences between the ]iiol. vol. of the sodium and the potassium salts are 
markedly greater than between the members of each group. It will also be ol)serv<‘d 
that replacing chlorine by bruinirio increases tlic mo), vol. of the halide salts l)y 
approximately the same unit ; this is also the case when l>ronu!ic is replaced by 
iodine, but the substitution of bromine by iodine ])roduces a larger increase than 
the substitution oJ chlorine by iodine. The mol. vol. of CiCsium halides is much 
smaller than wimld have been antUajaited by analogy with tlie other members of 
the series. It is doubtful if ammonium belongs to the potassium group in 8j)ite 
of the crystal symmetry. 

A great deal of work has been done on the influence of dilYere.nt .substances in 
soln. on the crystal form of the sodium or potassium chloride. il\ drochloric and 
nitric acids ; potash or soda lye ; aqua ammonia ; boric or oxalic aedd ; and the 
chlorides of zinc, niekel, cobalt, and manganese have no ellVcit in that eubie, crystals 
are formed. LIrba, calcium, or magnesium chloride (U* nitrate, phos])hori<! ac'id, 
and chromic or cadmium chloride, give some octahedral crystals (>f sodium chloride : 
potassium iodate or car)a>nuto or lead chloride give sojiie octa.hcdral crystals of 
potassium chloride ; harium antimonyl tartrate gives rhombic, dodecahedra with 
sodium chloride ; and lead oxide or mercury chloride gives similar cry.stals with 
potassium chloride ; carbohydrates an<i urine give icositetrahedral crystals with 
potassium chloride. 

Natural crystals often have enclosures containing gases or colourless liquid. 
The walls of the cavities are parallel to tlie faces of the cube. The liipiid is usually 
an aq. soln. of brine, and the ga.ses often confined under considerable })ress. usually 
hydrocarbons. Miien such cry.stals are dissolved in water, the gas escapes with a 
crackling noise wJien the cavity wal’s have become so thin that they cannot with- 
stand the internal pre.s.s. When the salt is heated, too, the expansion of the gas or 
liquid in the cavities bursts the mass, scattering the fragments in all directions. 
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The aalt is then called decrepitating salt — Knistermlz. Salt which has been rapidly 
crystallized is much more liable to dccrepitalc than salt which has been slowly 
crystallized — jtresumably bccatise it is more liable to include traces of the mother 
liquid. 

The specific gravities of the five alkali chlorides by G. P. Baxter and C. C. 
Wallace arc ; 


Temp. 

LlCl 

NaCl 

£Cl 

RbCl 

ChCI 

70-10° 

2*059 

2*153 

1*978 

— 

3*952 

50 04° 

2*063 

2*156 

1*981 

2*792 

3 96J 

25-00° 

2*068 

2*161 

1*987 

2*798 

3*974 

0° 

2*073 

2*168 

1*992 

2*806 
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1'bc sp. of sodiinii chloride after melting and rapid cooling is 2*125 ; and with 
slow cooling, 2*150. In 1690, 11. Boyle gave 2*143 for the sp. gr. of sel 
gemme, 

F. L. Haij^h gives for lithium chloride, 2 '068 (20^/4®) ; II. G. F. SchrOder gives for 
sodium chloride, 2*074 ; P. Krorners, 1-098 (17*5°); ami G. P. Baxter, 2*068 (25°). 

J. \V. Iletger's value for sodium chloride is 2'l(i7 (17") ; and R. Kricknicyor’s, 2*174 (20)" ; 
F. \V. Clarke’s, 2 '0(i to 216. J. Y. IhH4ianan\s value for potassium chloride is 1 *951 (23*47") ; 
J. VV. Retgers\ 1*989 (16"); R. Kriokmeycr’a, 1*994 (20"); F. W. Clarke’s, 1*836-1*995 ; 
ami J. JohiLston and L, If. Adam.s’, I *984 (30"). For ru!)idium chloride, H. G. F. SchrOder 
found 2*209 (22"); V, L. Haigh, 2*762 (2074"); J. Y. Ihichanan, 2 706 (29*9"); K. H. Archi- 
bald, 2 *7.^3 ; an<i C. Stet terherg, 2*807. For cfesium chloride, C. Setterherg found 3*992 : 

F. J.. Haigli, 3*987 (2o74") ; J. Y. Buchanan, 3*982 (23 1"); and T. \V^ Richards and 
E. Jl. Archibald, 3*972 (20"). 

F. li. Haigh also worked out Valson’s moduli for these salts. According to 

G. Quincke, the sf). gr. of the salts at their m.p. are Li(1, 1*515 ; NaGl, 1*612 ; and 

KCl, 1*012 ; some of J. M. Jagor's valiie.s are iiulicjated in Table XVfl. He 
gives for the sp, gr. of molten lithium chloride at (water at 4^^ unitv), 
J9.= | •798-O (KK).l;i2(0 -ODO) ; sodium chloride, />-:l*549- 0*f)rX)6201(^-80(3) ; 
potassium efiloride, D 1*539 — O'(XKhyj47(0 — 750) ; rubidium chloride, 
i>*--2*12i) -0*00082:] ((?- 700); and ea\siu?u chlorulo, Z>-.2*786— ()*O(.dO8(0-~65O). 
E. M. .Brunner found sp. gr. of molten sodium chloride between the m.p. and 
l(XX)" to be a*r>(KI- 0*00051(0— 900) ; potassium chloride, 1*150— O*(.KK)57(0— 900) ; 
and of lithium chloride, r;i75- 0’(X)9 13(0 —900). ^\^ Biltz, and K. Fajans and 

If. Grimm studied tlie mol. vol. of the alkali chlorides. 

\V. Spring found the dillerence between the sp. gr. of potassium chloride 
b«?fore and after ( omfiresvsion at 20, (^00 atm. is small and irregular, and is probably 
due to ex[)erimental error ; and rl. Johnston and J. H. Ailains showed that if the 
crystals ani fret? from cracks and hol<*.s, Ihere is no evidence of any change in the 
sp. gr. of potassium chloride, bromide, iodide, or sulphate, and of ammonium 
sulph ate with pre.ss. J. H. llassenfratz inferred that the sp. gr. of powdered glass 
is dilTeront when in largo and in small pieces, and G. Rose made some observations 
on this subject, but in neither ease is any definite conclusion to be drawn, Earl of 
Berkeley found no measura ble difference in the case of barium sulj)hate, but W. Spring 
said that the sj), gr. iucrcas(‘s as the grain-size decreases. 11. E. Merwin obtained no 
differetu'.e iu the case of clear quartz, and J. Johnston and L. II. Adams observed 
no difference in the case of potassium chloride, or sulphate, and with quartz, pro- 
vided the material is free from cracks and holes ; but if the material is not homo- 
geneous, the line powder is dejiser than the coarse. 

G. Quincke's value for the capillary constant of molten lithium chloride is 
a- ~ 8*53 sq. mm. ; sndhiiii chloride, 8'41 mm, ; ami potassium chloride 
a*-— 8*76 sq. mm. The surface tension of molten lithium chloride is 631 dynes 
per cm.", sodium chloride 66*5 ; and potassium chloride, 69*3 dynes [»er cm. 
According to J. M. Jager, the siuJace tension (ergs per cm.), sp. gr. (0/4"), 
and mol surface energy (ergs per sq. cm.) of the molten salt, are indicated in 
Table XVll. 
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TabTIS XVII Tl!5K!=HOK AND OBA VITIKS <»!' TJHK MdI.TKN At.K\i 

1AB1.B. Avx . C1II.OKIDK8. 
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T. W. Richards and (r. JoJics’ value for the compressibility of solid sodiun) 
eJiIoride at 20"‘ between 100 and o(X> atm. is 41 Xl0'“® nieirabars, and of potassinni 
chloride, 5 0 X 10 ' <5 rnogabars, L. H. Adams and co-workers found for the coin- 
pressibilitv of sodium chloride 1*12x10 at atm. press., and 3*53x10^ ® at a 
press, of 10,000 inogabara per stj. cm. ; and for the change in \ol., 

di;^--0'89X 10-4+4-006 X 10" 1 2-95xKX 

The compressibility of aq. soln. of lithium and sodium cliloiides Jias heim 
studied by W. C. Kontgen and J. SohneidcT ; (). Schmidt also studied soln. 

of Jithium chloride; and M. Sclmmann, J{. (^ihuult, and F. JNdil, soln. of 
sodium, potassuini, rubidium, and cassium c]ilorid(*s ; in addition, J. Drcikcr 
studied soln. of potassiuiu chloride, arid C. (Irassi of sodium rliloride "c/i/c 
Table XVll. and ammonium iodide. N. Voigt gave 1012 ; and W. i\ Rontgen 
and J. Schneider, 000050, for tlie compressibility eoelf. of sodium chloride; and 
respectively 0*iXH.)715 and O’fXJObO for potassium chloridf*. I’lie elastic (‘onstants 
are greatest when taken perjieiidicular to the cubic faces, and least, pcrjjendicular 
to th(3 rhombic dodecahedral face. Tlie elastic modulus of crystaJs of sodium 
chloride measured by W. Voigt for the cubic c, the octahedral o.and the ckxleoahedral </ 
surfaces, in kgrms. per sq. mm., arc /v-^llST ; /iV--319() ; and '^)26 : ami 
likewise for jiotassiuin chloride, ; and A',/ 1960: K. It. Koch t av<‘ 

A'c— 4033; and 7i'^=3395 for sodium chloride, and Av~-40l(> ; and 2088 for 
potassium chloride. W. Voigt gave 1294 fur tlic torsion modulus of sodium 
chloride, and 655 for potassium chloride, c — K ^ -|33*J8 — 9 66(a44 jS^+y*) f 
Xl0~ ^ the modulus of extension of sodium chloride, and €=r^J^ [ 75'1-' 48-2 

• X 10““*'» for potassium chloride; r^T ^ — 1 154*58— 77‘28(^V^ 
-ky^a^+a^p^) } X 10 ■ * for the torsion (*oefT. of sodium chloride, and 
[300*0 — 385'6(^‘^y‘'^+y2a-^'ka-^'^) [ X 10 for potassium chloride. W. Voigt also 
gave Cij --:^4770, <44 — 1294, and C|2--~1320 for the elastic constants of sodium chloride, 
and cii=3750, C44— -655, and C]m -198 for potassium chloride. K. Korst(‘rling had 
compared the. elastic constants of ]iotassium chlorid(^ with results deduced from 
the space lattice theory. K. Dor.siiig, T. Martini, and (1. Wertheim moas\ired tho 
velocity of sound in soln. of s<)dium chloride of diff(‘rent cone., and found that it 
increased with cone. 

The hardness of sodium eliloride is nearly 2, and it is a. little harder than gypsum. 
The hardness oi a cubic face of tJie mystal is less than tJjat of an octahedral face 
and th(i hardness of a flodecahedral is inter mediate between the two. 

The bf^st repr<\s(‘ntativc* values of the melting and boiling points of tho alkali 


chlorides are : 

• X. 1 C 1 

NaCl 

KCl 

TlbCl 
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The number for the m.p, of lithium chlorid^eported by T. Carnelley te 600® ; K. Hiittner 
and G. Tammann, 605®>-607° ; E. Korrong, (509® ; K. Hachmoister, 605® ; T* W. Richards and 
W. B. Meldrura, 613®; O. Scarpa, 605® ; and by S. F. Schemtschuschny and F, Hambach,6 1 4®. 
W. Ramsay and N. Eumorfopoulos* value 491® is too low. T. Camelley gave 772®~776® 
for Hodium chloride ; V. Meyer and W. Riddle, 816*4® ; H. le Chatelier, 780® ; J. McCrac, 
811® to 814*6® ; W. Ramsay and N. Eumorfopoulos, 733® ; O. Ruff and VV. Plato, 820® ; 
K. Hiittner and G. Tammann, 810® ; K. Ardni, 805® ; and W. P. White, 801®. W. Truthe. 
C, Sandonnini, and G. Scarpa, 806® ; O. Mengo, 803® ; for potassium chloride, W. Ramsay 
and N. Eumorfopoulos give 762® ; W. Plato, 772*3® ; K. Hiittner and G. Tammann, 778® ; 
K. Arndt, 775® ; T. Camelley, 734® ; V. Meyer and W. Riddle, 800® ; O. Menge and 
C. Sandonnini, 776® ; W. Truthe, 775® ; S. F. Schemtschuschny and N. S. Kurnakoff, 
790® ; T. W. Richards and W. B. Meldnim, 773® ; and H. le Chatelier, 740®. The m.f>. 
of rubidium chloride according to T. Camelley is 710® ; S. F. Schemtschuschny and 
F. Kambaoh, 726®; T. W. Richards and W. B. Meldnim, 714®; and K, Hiittner. 
and G. Tammann, 712®-713® ; for caesium chloride, T. Camelley and W. C. Williams give 
63J®-f3®; E. Korreng, 635®-038® ; C. Sandonnini and G. Scarpa, 639®; T. W. Richards 
and R. Meldrum, 645® ; and S. F. Schemtschuschny and F. Rambach, 646®. 


The b.p. indicated above arc by L. H. Borgstrom ; W. R . Mott gave 1300® and 120C 
respectively for the b.p. of potassium and sodium chlorides. Lithium, sodium, and 
potassium chlorides begin to sublime at their and probaldy also the other 

salts as well. 

Lithium chloride has been volatilized oom})letely in a stream of hydrogen chloride 
at a white heat. These salts also volatilize in the liottcst part of a Bunsen flame, 
and under these conditions R. Bunsen found potassium chloride volatilized 0'77(3 
times as fast as the sai^ie amount of sodium chloride. 'J\ 11. Norton ami 1). M. Roth 
say 0*923 times as fast. The relative density of the vapour of sodium chloride 
has been determined. Potassium chloride loses weight six times more quickly 
when heated to bright redness in a stream of moist air than it does in dry air.t® 
'I'hcre is a slight loss by volatilization of salt eaU'Aine. (tvr<i la rapeur d'mif, during 
tlie evaporation of aq, sola, of the alkali chlorides ; (>. H. Bailey found that 
during the evaporation of a litre oi vrater from soln. to whi<di water wavS added 
from time to time to keep the volume approximately IW c.c. and the cone, that 
stated in brackets 


LiCH iV, A ) XaC;i(tV».V) KC1( llb(Jl(.UV} CsOl(i*V) 

Loss, mgnns. . . 0*25 0*81 1*22 2*95 3*21 

TJie typical V-curve for eut<ictic mixtures is obtained with mixtures of potassium 
cldoride with 39 per cent, of potasaium fluoride at 605 ; 76 of potassium bromide 
at 740"^ ; 69*3 of potassium iodide at oSir' ; and 42*8 of potassium sulphate at 
Results with binary mixtures of the alkali chlorides are indicated in the 
accompanying Table XVII I, where the eutectic temp, is bracketed with the atomic 
percentage of the element indicated on the same horizontal line ; S means that an 
unbroken series of solid soln. are f(H*me<l ; otherwise, solid soln. are wanting. 


"J’ABTiK XVJII. — Binary jMixtckks ue the Ahkata Chcoridfs. 


' Chloride. 

LI 

Is' a 

K 

Ub 


Li 

. ^ . 

27-0 (552®) 

40*5 (358°) 

41*7 (318®) 

59*3 (323®) 




S 

, — 


Na 

73-0 (552“) 

— 

50*0 (664®) 

55*0 (541®) 

05*5 (451 q 

K 

. 1 59-5 (302“) 1 

S 

50 0 (664®) 

- — 

S 

No eutoctic 

iO 

56 0 (615") 


j i 


iS* 


S 

Hb 

. 1 58-3 (312°) 1 

45-0 (541°) 

No eutoctic ' 


88 0 (635°) 






S 

S 


ih 

. ‘ 40-7 (323°) 

34-50(451°) 

34*0 (616®) 

1 1*5 (636®) 

— 
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The chlorides of pofassium. rubidiuiA, and cfesium form binary mixtures mis. v 
in all proportions, but the binary mixtures JaCl— NaCl, and NaCI— KCl form t 
limited series of mixed e-rystals. AccordijiiJ to R, Nacken,^®in the latter case, pn,-- 
sodium chloride can exist below 3(X)^ and potassium chloride below 250“ Potassin. , 
and lithium chlorides give a sharp eutectic at 361“ with 58-5 mols. per cent, of ft,, 
litliium salt. With rubidium or caesium chloride with lithium chloride the cusp ir 
the eutectic is cut <>1Y owing to the formation of a new solid i)ha80, for, in the ca.si 
of rubidium and liihium chlorides, there is a peritectic point at 323“, with 53'8 p. .- 
cent, of lithium chloride <!orrespo»ding with the formation of the compoim.l 
RbCl.LiCl, or rubidium chlorolitliiate, f{bl 2 iCl 2 ; and with lithium and 
chlorides, there is a ])eritoctic point at .‘ir)!"", with 46*5 per cent, of lithium chlorid.' 
corresjxmdinj^^ with the compound LiCl.CsCl^or cjesiuiii dichlorolithiatc, CaLi.d.^: 
and another corresponding with the formation of ctesium trichlorolithiate, LiC’1.2(As( '] . 
According to T. W. llichards and W. B. Meldnim, potassium chloride raises the 
m.p. of rubidium chloride. The heating or cooling curve of caesium chloride shows 
that c.Tsiuiu cliloride ini'lls between 635*^ and 638®, and suffers an enaritiotrojiic. 
change: a-OCl^jS'Cstl, at 450"' as illustrated by E. Korreng’s curve, Fig, 19. 
C. Sandonnini and (1. Scarpa place tlie transformation temp, iit 450'' ; and 
S. F. Schenitschuschny and F. liimbach, at 451®. .Both forms belong to the (nihic, 
system. The equilibrium diagram for the binary S 3 ^stcm : LiCl— CsC-1, worked 


dOU’r—y 
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^GU 


.^00 


VT '!'n‘ 
i ! 
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\ ■ — I 


ritnd 


V 


Fio. 1 9. — Hoatinp: Ciirvti of 
(..‘cosiiim Cl»lori<t‘. 



Kro. 20. — Equilibrium Curvoa of 
the Jiinary SysliHii LiCl CsFI. 


out by E. KoiTcng, Fig. 20, shows the existence of six crvstalline phases, nauielv, 
Li(!l-JA\ (WJl.lda AY/; a-UrUV>.iX OF; j3-.Li(;l.2rs(^l, FJ) ; a-rsC'l, DC; 
and /3-Fs(.1, (>B. The coiiqiound, Li(!l.(\sCl, which E, Korreng calls Ca^iiutn- 
chhifoUihinL or caesium Chlorolithiate, (’sLido, nndts at 35J‘', and is optically 
anisotroph\ The emnpoiind Jdd.2(’sCI or csesium trichloroUthiate, Cs 2 LiCl 3 , 
undergoes a tiiuisformation form, an a- to a jS- form at 360', and melts and de- 
composes at 380’. 'riiis tenij), is then-fore an incoyufrveht nu'hituj point: 
^-LiCh2(‘s(1r:^OM6la-( s(l-| I 'lotlCsCT i LiCL Both forms of t he tvichloroUthiate 
are duub!>' refnn ting, Imt the a-furm is less so than the j3-form ; both forms 
are deliqiKNse.ent. The (uystais of tlio two trhdilurolithiatcs, unlike the dichloro- 
lithiate, exhibit ve.jx'ated twinning. 

D. J). Jackson and J. J, ^Morgan r(q)resented the vapOUr pressure of potassium 
chloride between SoT' and 1500® by log p-=^--ryd2C)T id l*75 log T+O'OOOSlir 
— O’TOGl when p is expressed in mm. of inercurjq The observed values were 
1-54 mm. at HOT' ; 8*5;j mm. at 948® ; and 24*1 mm. at 1044®. L. H. Borgstrom 
found the boiling point to be 1500® at 760 mm. ; 1490® for sodium chloride ; and 
13G0® for litliiimi cliloride. 


No periteetie jioint was noticed with lithium chloride and potassium or sodium 
chlorides. T. W. Itiehards and W. B. Meldrurn (1917) have also studied ternar\" 
mixtures ol iitliimn and sodium chlorides with potassium, rubidium, or efosiiim 
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chloride. No mixed crystals were ol>tainc*(i by R. Krickineyer with mixtures of 
])otassiuin and sodium chlorides, lithium chloride, or ammonium chloride. 
W. Ostwald and N. N. Beketoff have shown that the heat of sola, of a mixture of 
tlie two salts which has been previously fused is greater than a mechanical mixture 
which has Jiot bc^en fused — witli a mol. each of sodium and potassium chloride in 
100 mois. of water, the heat of soln. in the former case is —5*02 Cals, or even —3*62 
Cals., and in the latter case —5*70 Cals. When the fused mixture is powdered and 
kept at about 2(X)^ it gradually approximates to the value for a mechanical 
mixture. N. S. Kurnakoff and S. F. Schcmtschiischny found that a recently 
melted mixture of the two salts gives no eutectic if it has been rapidly cooled, and 
that the cooling curve gives a singularity between 320'^ and 406'^. This is believed 
to indicate that the two chlorides ara quite miscible and form a solid soln. at high 
temp., and that tlic solid splits into its two constituents at about 4(.K3^. G. Scarpa 
found that with binary mixtures of lithium hydroxide and chloride there is a eutectic 
at 290^" with 50 mols. per cent, of lithium hydroxide. There is an arrest at about 
285'' corresponding with lithium dihydroxytrichloride» 2LiOH.3JiiCl, which de- 
composes on melting. The transformation point of sodium or j)otassium hydroxide 
is lowered by the oorresjjonding chloride ; binary mixtures of sodium hydroxide 
and chloride and of potassium liydroxide and chloride gave two series of mixed 
crystals with a miscibility break corresponding with If. W. B. Roozeboom’s ty])e IV, 

G. Bartha gave the boiling point of the metal chloride in the cathode light 

as 1(H)5'' for lithium chloride; for sodium chloride; 8(X)° for potassium 

chloride ; 790® for rubidium chloride ; and 750® for ctesium chloride. 

The heat of fusion of ]> 0 tassium chloride is 86 0 cals, per gram, and of sodium 
ohloi'ide 123*5 cals, per grata., and the latent heat of vaporization cf sodium 
chloride is 3*53 Cals. ]). i). Jackson and J. J. Morgan gave 30 800 Cals, for the 
latent heat of vaporization of potassium chloride ; while A. von AVeinberg gave 
48*2 Cals, for the heat of sublimation of potassium chloride, and 48*8 Cals, for that 
of sodium chloride ; and A. Reis calculated 58 Cals, for sodium chloride ; 52 Cals, 
for potassium chloride ; 5(J Cals, for rubidium and ca\sium chloride ; and between 
15 and 35 Cals, ior lithium chloride. The specific heat of the anhydrous lithium 
chloride between 13® and 97 is 0*2821 : a(x*ording to H. Kopp, the value for sodium 
chloride between 13 and 15 ’ is 0*216 ; and, according to II. \5 Kegnault, 0*213 
between 13® and Or ; and 0*21401 ))etween 15 ' an«1 98'\ For ])otassium chloride 
between 13' and 16 ', 11. Ko|)p gives 0*171 : II. A5 Regnault, bctw'cen 14'' and 99®, 
0*1730 ; end W. I^lato, between 20® and 726", 01840, and for the molten chloride 
betw<Hm 807® and 935 \ 0*2671. For ru1)idiiim chloride between 16® and 45®, 
IL Jvopp gives 0*112. J. N. Rionsted gives values for the sodium to ciesium 
cidorides bet ween O and 20® : 

LiCl NaCl KCl Kl)(*l CsCl 

vSp. ht. . . (0-2821) 0*2027 0*1614 0*1013 0*0746 

hti. , . (S0*4) 11*85 12*04 12*25 12*56 

' K. Koref found the s]). lit. and mol. lit. of sodium chloride between — 188*1® 
and “ -81*0 ' to be respoctiveh" 0*1664 and 9*73 ; and between 0' and -75*2 \ 0*1971 
and 11*52 ; similarly for ])otassium chloride, between —191*7® and —81*1', 0*1410 
and 1()*50 ; and between O' and — TO O®, 0*1581 and 11*78. According to W. Neriist, 
the ni<\in mol. ht. of sodium chh^ride is : 

K. 28*0*^ K. 07 r>^ K. 81*4® K. 83*8^ K. 

Mean mol. lit. . . 0*29 0*40 3*06 3*64 3*82 

while the mol. ht. of potassium chloride is : 

22*8® K. aO l^K. 48*3^ K. 57*0^ K. 70*0 K. 200“ K. 

Moan mol. ht. . . 0*58 0*98 2*85 3*06 3*79 4*36 6*02 

H. Fdrstcrling has also calculated values for sodium and potassium chlorides 
from Born 3 thixiry of space lattices. 
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The sp. ht. of aq. aoln. of sodium chloride have been determined by J. 'i'hoiti 
A. Winkelinanii, H. Teudfc, J. C. Q. de Marignac, and L. Demolis. The resu 
show : 


Por oenf. NaCl . 1 *0 4 *9 

Temp. . . . IH" ir-46^ 

Sp, ht. . . 0-9780 0*9449 


10*3 11*6 24-3 

ir>^~90^ 16‘=’-~52'’ l8”-20" 

0*9120 0*8770 0*79i0 


L. Demolis has also measured the sp. ht. of mixtures of sodium chloride an ! 
hydroxide. According to J. Thomsen, the sp. ht. of an aq. soln. of sodium ofilcjrid 
at 18'^ with 10 mols. of water is 0’791 ; with 50 inols. of water, 0*1)31 ; and wit i; 
2<X) mols. of water per mol. of sodium chloride, 0*978. A. Jaquerod gives for ilif 
sp. ht. of soln. of potassium chloride at 16^ 

Per cent. KCl . 2 4 4*8 9 0 19 2 28*8 

Sp. ht. . , 0*968 0*938 0*882 0*790 0*720 


AV. K. and C. E. Bousficld measured the sp. ht. of soln. of sodium and potassiiun 
chloride over the ranges ; and 26'^--39''. The results show 

the sp. ht. and sp. vol. of the combined water niay be treated as approximately 
constant, and the lowering of the sp. ht. and sp. vol. of the free w^ater on the intro- 
duction of a solute arc each pro])ortional to the percentage, coik*. of tlie solute. Jn 
diJ. soln. the sp. ht. curve approxhnates to tliat of water, which has a minimum 
at about 25"^. In cone, soln., the variation of the sp. lit. with temp, appears to 
follow* an almost straight-line law. This behaviour is attrii)uted to the simplification 
of the water by a considerable destruction of ice and steam mols. The following 
constants were derived : (1) for potassium chloride : the s]>. lit. of the liquid solute, 
.l*r>r>5 ; the mo), ht. of the liquid solute, 123- f : (ii) for sodium tdilorido : sp. ht. of 
the li<|iud solute, 2*433, and tlie luol. ht. of the liquid solute, 112*1. The nu/ul)er 
of mols. of water combined with a mol. of sedute is calculated h)r various dilutions. 
(t. IST. LewLs and 0. E. Gibson ('stiniate the increase of entropy from — 273"^ to 25" 
to Vje 17*4 per mol. of sodium ehhjride, and 19*7 per mol. t>f potassium chloride. 

The coefficient of linear expansion for soilium cliloride is 0*(K)(K)4039 ; and for 
potassium cUoride, ()*(XX.)038(.)3. The coefficients of cubical expansion, computed 
by G. P. Baxter and C. C. AVallaee from s]>. gr., an' : 


Temp. 
0" to 2r.'‘ 
25*" to r,()^ 
r>{)^ to 70^^ 


NaCl KCI 

0*000125 0*000084 

0*000100 — 

0*000074 0*000083 


Jlbfl CsCl 

0 000 1 I I 0 000J37 

0*000082 0*000136 

0*000109 


which produce the great nst vol. contraction t>n soln. in water give soln. 
which have the highest temp, expansion coetf. 

The thermal conductivity of sodium chloride -0 0 ()14 to (1016. The thermal 

conductivity of a 33 per cent. soln. of sodium chloride is 1*737. Just as there is a 
marked diffcremjo in the powm* cd different substances to transmit light rays of 
different wave-length, so does the diathermancy, or power to transmif. radiant heat 
of various wave-length, show marked dilTerences. Alum and i<H 3 are almost 
athermoiis or opaque to radiant heat. Ro<'k-salt is one of the most diathermous 
substances known. M. Melloiii^^ thought that it was perfectly transparent to all 
kinds of radiation, and the 8 per cent. loss lie obs(*rved during the passage of radiant 
heat through a plate of rock-salt was due to reflection from the surfaces and not to 
internal absorption. F. de la Provostaye and P. Desains proved that rock-salt 
does exhibit selective ab.sorption, aud is almost opaque to radiations from a 
heated piece of the same suhstance. It. liubens and A. Trow^bridge measured the 
percentage absorption of radiant energy by plates of rock-salt and of sylvine, 1 cm. 
thick, for w*ave-lengtlis from JO/x to 20’7/x ; and found for 10/x rock-salt absorbed 
0*3 per cent, and sylvine 1*2 per cent, j for 15/x rock-salt 15*4 and sylvire 4*6 per 
cent. ; and for 20 7/x, rock-salt 99*4 and sylvine 41*5 per cent, Sylvine behaves 
like rock-salt as regards its diathermancy for beat; a plate of sylvine 26 mm. thickness 



THE ALKALI METAI^ 


539 


allows 76 i>«r cent, of the incident heat to traverse it ; and this is the same pro- 
portion as a plate of Stassf urt rock salt of the same thickness. The diathermancy of 
Ixjth crystals does not vary with the temp, of the source, being the same for the 
heat omitted by a lamp as for that arising from a surface at l(Xj°. W. L. Bragg 
and co-workers measured the intensity of reflexion of X-rays by the different faces 
of a crystal of rock-salt. E. P. Lewis and A. C. Hardy measured the reflecting 
power of rock-salt for the ultra-violet rays. 

The heats ol formation and the heats of soln. of tlie alkali chlorides 22 in water 
are : 

LiCI NoCl KCl RbCI CsCl 

Heat of formation . . 97 « 97-7 10.5-7 10.5-94 ]09-K() Cals. 

Iteat of Boln. . . . 8-421 -1-175 4-363 - 4-227 - 2-293 Cals, 

A. von Weinberg found th(* boat of disaooiaiioii of lithium chloride to be 193*2 
(Jals., of sodium chloride, 181*4: Cals. ; of potassium chloride, 183*9 Cals. ; of 
rubidium chloride, 183*8 Cals. ; and of caesium chloride, 181*2 Cals. 

The heat of solution of the alkali chlorides iri water has been determined by 
K. L. Haigh, M. Bcrthelot, .1. Tliomsen, V'. Reichenberg, S. U. rickeriug, G. Lemoine, 
and K. de Furcrand. The best repre.sentative values are intlicated in the preceding 
schema. The heat of soln. of potassium chloride int'reases nunierically with a rise 
of temp., being —0*513 Cal. at 3"", and ~ 4 i Cals, at 25'', or, act'ording to J. Thomsen, 
—4*39 -(•0*0354(6^— 15) Cals.; and for sodium chloride, - -1*775-Cals. at S'', and 
— 1*040 Cals, at 25*^; or, 1*2(3+0*0295(0 — 15) Cals. A soln. of two gram-eq. of 
sodium chloride in 20 gram-eq. of water when diluted by the addition of 80 grarn-eq. 
of Welter absorbed 1 056 Cals, with 180 gram-eq.. —1*310 Cals.; and with 38(} 
grani-eq,, — 1*410 Cals. The heat of soln. of lithium chloriflo in ethyl alcohol is 
11*74 (/uls,, and in methyl alcohol, l(j-9 Cals. P. R. IVatt, G. Staub, and R. 
Sc’holz have studied the heats of dilution of soln. of potassium and sodium chlorides. 
J. A. Beattie and D. A. Mefnnos measured the free energy of dilution of soln, of 
lithium and sodium chloride^s ; M. Randall and C. S. Bisson of sodium chloride : 
and G. Mc.P. Smith and co-workers for potassium and sodium chlorides. 

According to Bertlielol, heat is absorbed by the soln. of sodium chloride 
in w*ater at 15% less heat is absorbed at 76 '. and lieat is neitiier absorbed nor evolved 
at 10(C. S. Arrhenius, A. E. Steam, R. F. Schneider, and (x. MuF. Smith 
measured tlie heats of dilution of aq. soln. of sodium and potassium chlorides alone 
or mixed with strontium or barium chlorides ; and A. J. Alimand and AV. G. Polack, 
the free energy of dilution of soln. of sodium chloride. The heats of dilution in 
cals, are negative, ratJier greater numerically for potassium cliloride than for sodium 
chloride. 


Normality 

3*2 

1*6 

0*8 

0*4 

0*2 


["Water dilution 

27*4 

34*83 

30*45 

37*72 

28*8 

NaCb 

Heat dilution 

— 540 

- 245 

- 70 0 

29*62 

- 17*64 

Water dilution 

11*2 

7-83 

16*75 

8*86 

14*6 


lloai dilution 

-258 

-7M 

-48*44 

-12*48 

-10*0 


Wator dilution 

39*0 

40*0 

40*0 

34 95, 

- -40*0 

KV\ 

' Heat dilution 

- 781 0 

289*5 

70 68 

-15*0 

2*74 

1 Water dilution 

9*4 

10*0 

10*0 

15*0 

30*0 

\ 

+leat dilution 

-261*2 

-103*3 

-27*8 

- 10*0 

-3 25 


3 he existence of a measurable heat of dilution is taken to indicate the presence 
of complexes which are formed or decomposed by dilution. The reversible .niolai 
heats of dilution L, calculated from the relation d log (pjpQ)j(dl^LjIiT-, where 
'p and pQ respectively denote the v.p. of the soln. and of tlie pure solvent at the 
same temp., do not agree closely wdth the observed results. Since L is negative, 
PIPo decreases with a rise of temp., and this agrees with an increased degree of 
ionization. A, A. Noyes (vide wjra) found decre^ised ionization with rise of temp. 
Hence, the observed effects arc taken to show that comjilexes existing in soln. 
arc decomposed by dilution. H. JiUnden estimates tliat the heat o! ionization of 
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lithium cliloride at 2^ is 0*651 Cal. ; of sodium chloride, 0-454 Cal. ; and 
potassium chloride. 0 r>(J2 Cal. The heat of neutralisation of aq. sola, of lithiu, 
hydroxide and liydroohlorii^ acid is 13*85 {^xls. ; sodium hydroxide, 13*745 Cals\ 
potassium hydroxide, 13*75 Cal.s. ; or, the heat of neutralization of potassiui 
hydroxide ])v hydrochloric acid Ls 13*60 — 0*05(0 -20) Cals. 

I4ie solubilities of the alkali clilorides expres.sed in graius per 100 gnus, of \vat< 


are : 

O'* 

10“ 

20* 

40* 

60* 

80* 

lUO* 

Lid . 

07*0 

41*0 

78*5 

90*5 

103*0 

115*0 

127*5 

Xad . 

35*7 

35*8 

30*0 

3(b6 

37*3 

38*4 

39*12 

K(;i . 

27*0 

31*0 

34*0 

40*0 

45*5 

51*0 

50-7 

Kb(d . 

77*0 

84*4 

91 1 

103*5 

1J5T> 

127*2 

138*9 

(/sd . 

101 *4 

174*7 

180*5 

208-0 

229-7 

250-0 

iii270*5 

In addition, the 

solubility of sodium chloride at 

-15^ is 

e32*73 

; at — 

hy\ 33* 19 

at - -5^ 34*22 ; 

at 118^ 31>-8; 

at 

42- 1 ; 

at 100^ 

43*6 ; 

and at 1805 41 ‘ 


The soluhility of potassium chloride at 1*10^ is GO O ; at 147 ’, 70*8 ; at IHO"^, 77*5 ; 
at — 9'^, 231); arid at 1*5\ 25*9. The solubility of rubidium chloride at 112 l» 
is IIG'G ; and of ( {csiuin chloride at 111) 4^, 290*0. 

As early as 1810, J. L. Gay Luasac proposed to rtq>rcscnt the soIu]>ility S of 
])otassium chloride in water at a temp. 0 by the formula “29 *23-1 0*27380 gnus. 
])er ]()() gnus, of water, Since that time it has been customary (o represent sohi- 
bility curves by empirical formula of the tyj^e N — u-j . where, n, b, 

c, are c.onstants whose numerical values are calculated from tlie exper imental 

data. Kejuations of the type S- a-l-hO represent siraight lines, equations with more 
terms represent curvetl lines; the solubility equation S — (f-\ b0-\-c6'^ repre,s(?nts a 
])ortion of a ]uiraboloid curve. Tlie greater the jiumber of terms used iu the 
foniiula the greater is su|)[)nstrl to be the a<*curacy of the result. 

In iliusiratioii, A. Gc'u'ardin (lS(ii>) altered ,T. Tj. (Jay laissac^’s formula to 2a 

L. (J. do (Jop))el to 21)‘aa U*320()(0“ 4) n‘()00577{t> - -4)**^, for t(*mp. abovt^ 4 * : 

A. E. Xr)rdenskj(>ld to log N- 1 *1005 -- tr00379-| 9 •()()()< )t)90‘i bi tvvecn ()" and 1U0‘\ but, 
according to G. J. Mulder, it is not applicable between O^and 4 \ Accorditig lo A. Elaid, 
the amount .S of anhydrous salt in lOO parts of soln. betwern - 10^ and To"* is iS:-.2U'r>U 
-{-014761; and between 7,7’ and 1 80^ is *s’ - 2m.70 -i-O-OTlKUt, L. C. do (*oj>pet's curve 
for the solubility of sodium ebloii<le above 20' is >s’ r . ,‘{.4 {- 0 '0.727(1 ; J. L. Anclreaes 

emv/- ff;r tin? solubility of .sodium chloride is A’-- 3,0 03 bU (07880(0 4) { 0*00031 l3(y '-4)“ ; 

G. lvar.st(‘n’s, ^..-2()'.7IO-pU'niOO,7.0Oft I-O'OOOOOU 1 Cd .Oft^ Ij. Kopp's, N =-- 3 ; 7 MS -| (>*0247 
d- 0 000100061“ { U'0000020.7.7r).70‘'* : A, E. ^’ordenskjMld's, log .S’ - 0'44S -f 0'000l0.7(^ 
4-0*000003 (\ A. Kauprns{rau<drs,.S^ ;{9%77,'5 -p0'OOSS58S((i 0*:)) i-01)00279.0.7(^) --O-O)", 
Kiul 1>. r. Mendelf t fl s curs i; Uh' iho numbt'r of griirns of scidinin cdilorido in lOtt gmis. 
of wamr, at r between 0 ’ jind lOS^ ls^ 3.7*7 j 0*0240 i-0't)020“- below 0^ the equation 
is imip])licabl{* because, of the tormatiun of the dihydrate, d’hi* percentage, composition 
S of sat. solti. of sodium chloridi- at 0'^ is represented )>^' G, Karslen hy the expression 
*S':-^2()*51 9 -0 Oni9.7.790-p0'00(j090|()l,70“. 


1 he crpnitions iirc sometimes uselul, Init it must be borne in mind that the 
fornuihe are e([ual ions oj (?ontiiiuoUH curv(\s, whereas actual solubility curves are mit 
usually continuous except o7'(;r limited ranges of temp, deteriiiiin^d by tin', stabilit}' 
of particular ]>has(‘s - < .</. hydrates. 4’ho elTcct of itrrssu/c on tlie solubility of 
sodiuni cliloridt* ha.s \wrn previously indicale.<l. G, Mdlier showed in J8G2 that the 
soluliilit} is im riiased by 20 and Ity 40 atan. press. 'The thermal cxjtansion of salt 
sohi. A\n.s also foiunl by (J. (!, Se.hniidt to be more, regular than with water. 
W. (.. Rontg(*n and J. Schne.id(»r, and V. Schumann, have measured the compres- 
sibility of soli), of potassium and sodium clilorides. 

1 he solubility of each (‘hlorlde is depre.ssed in the presence of another salt with 
a like ion for iii.stance, tin* solubility of sodium chloride is depressed by increasing 
[)joportKms or i)ot((s,s runt chlorides, or by sodium carbonate, hydroxide, 

or tnitiffc. Similar results obtain with potassium cliloride, in the presence of 
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ammonium, magnesium, or sodium chloride, or by potassitim hromide, hydroxide, 
or nitrate. The effect of salts with no common ion is often to raise the solubility. 
Thus, C. J. B. Karsten 24 found"* the solubility of sodium chloride in water at 15® 
rises to 39*19 in the presence of 38*53 grins, of potassium nitrate. Tliis effect is 
due to the formation of complexes or to chemical reaction. Witli Karsten’s 
mixture there is a balanced reaction: NaCl |-KNO; 3 ^KCl -bNaNO^. When a 
mixed soln. of sodium chloride and potassium sulphate is cooled down to between 
3® and 7*^, crystals of what van't Hoff calls the reciproke Salspaar — pair of reciprocal 
salts — ^sodium sulphate and potassium chloride separate. As a rule the solubility 
of sodium chloride in soln. of non -electrolytes or feeble electrolytes is diminished 
in such a way that if Sq denotes the sedubility of the non-electrolyte in water ; 
S. the s^Jubility of the salt in the soln. ; and N, the norjtiality of the soln., then 
{Sf^—S)/NSQ is a constant. J. N. Broiisted measured the solubility of potassium 
chloride in soln. of potassium hydroxide of different cone. C. Chorower studied 
the mutual action of alkali chlorides and hydroxides. F. A. II. Schreinemakers 
and (t. M. A. Kayser found the solubility of lithium chloride is much depressed in 
the j)reseiice of the sulphate. 

Soln. of various gases in brine and other salt soln. liavc been invcsti<^ated from 
this point of view. 25 For example, E. Cr. Kumpf, W. L. Ooudwin. and C. A. Kohn 
and E. O’Brien have investigated the system HoO'-NaCff -do — f'^de chlorine; 
(1. J. J. Fox, the solululity of sulphur dioxide in salt soln. ; 11. Abeg^ and H. Riesen- 
feld. 1). P. Konowaloff, and A. Joannis the solubility of ammonia in salt soln. ; and 
(J, (>. MacArthur the solubilities of oxygen in an aq. soln. of the alkali chlorides. 
For JiV-sola. of the alkali chlorides, the solubility of oxygen in c.o. ]»er KXX) c.c. of 
the salt soln. at 25° when water unity has the sp. gr. 1000 at 25^ and dissolves 5*78 c.c. 
of oxygen per litre : 

UCl NaOl KCl KbCI Csa NH4CI 
Sp.gr. . . , 1 0004 1 0022 1 0030 1 0094 1 0140 1 0015 

Oxygen c.c. . . 5*03 5*52 5*52 5*05 5*07 2*31 

The decrease in solubility does not proceed regularly with a decrease in the 
mol. wt. from Cicsium to rul)idiuin. The solubility of oxygen decreases as the cone, 
of the salt soln. increases. Thus, for JAT-sodiiun chloride vsoln. the solubility 
is 5*30 c.c. per litre; for iV-soln., 4*20; for 2iV-soln., 305; for l/Y-soIn., 1*62. 
Tlie decrease with ammonium chloride is very great, Ixung 0*07 with A^-soIn. 
The doertiase is attributed to the fixation of water by the salt or the ions of the 
salt, or botli, a qiieslion im^vioiisly discussed. 

H. C. Sor)>y showed that while tlie solubility of sodium chloridt'. is raised by 
press., that of ammonium chloride is decreased by press., and that the soln. of the 
former is accompanied by a decrease in volume, while the sf>ln. of the latter 
is attended by an increase in volume. F. Braun made analogims observations. 

E. Cohen 2® and co-workers have made (^andul measurements of the effects of 
press, on the solubility of sodium chloride. At 24.*CrC, IOC grms. of water dissolve 
35*90 grms. of tliis salt at one atm. press. ; 36*25 grms. at 250 atm. ; 36*55 grins, 
at 500 aim. : 37*02 grms. at i(H)0 atm. ; and 37*36 grms. at 15CX) atm. press. ; or, 
the solubility S of so(liuni chloride at 24*05'', and a ]>ress. p between 1 and 15<J0 at m. 
is AS~-35*898-fO 001647ji--O'00CXXX)3268/>2 gnus, per 100 grms. of water, 

C. J. B. Karsten, A. Fock, C. J. Mulder, A. Winkelmann, K. van Hauer, 

F. Riidorff, and P. P. Fedoteeff have measured the solubility of sodium or [lotassium 
chloride in soln. of ammonium chloride, and in soln. of sodium bicarbonate ; 
C. J. B, Karsten, A. Winkelmann, F. Margueritte, F. Riidorff, and J. Hanna man, 
in ammonium nitrate; F, Riidorff, in ammonium sulphate; C. J, B, Kanstcn, 

G. J. Mulder, H Kopp, A. Levol, J. H. van't Hoff and W. Meyt'rhoffcr, and 
II. Procht and B. Wittgen, in soln. of sodiimv or potassium sulphate; or niaynesiam 
chloride ; M. Berthelot, II. Engel, and F. Winteler in aq. sodium, hydroxide ; 
C. Touren, G. Bodlander, W. W. J. Nicol, C. A. Soch, A. Winkelmann, H. Kopj), 
G. J. Mulder, R. W. Page, and A. D. Keighth’^ and C. J. B. Karsten, in soln. of sodvum 
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or potassium nitrate; A. Fock and K. vau Hauer iu soln. of sodium or potasstuii> 
bromide ; J. II. (Jladstone and F. Marguerittf' with fxMssium chlorate; 0. J. li. 
Karateii in soln. of barium chloride; K. van Hauer and A. Etard in soln. of fotas 
Slum or sodium iodide ; and H, Preclit and B. Wittzon. C. A. Socli, A. Etard 
A. Wiiikdmann, C, J. B. Karsten, F. Riidorfl, and W. W. J. Nicol, of sodium and 
potassium chloride in the ])resenc6 of one another. ^7 

The soliibilitios of sodium and potassium chlorides in soln. of hydrochloric 
acid^^ are depressed iti a similar manner; thus, tlie solubilities of sodium and 
potassium chlorides represented hv tJie number of grams per 1()0 c.c. of soln., are, 
at 0^ 


nei . 

1 *42 

2-41 

4 *05 

8*29 

12*40 

14*95 

^3*8S 

KCI . 

. 22*69 

20 84 

37-7J 

H-93 

7*46 

5*60 

‘ 1*49 

KCl . 

1 -859 

3 38 

5*49 

11*20 

20*54 

94*77 

120*6 

Nad . 

. 23*4 

25-7 

22*6 

13*7 

3*6 

2*01 

1*6 


/60''\ 


Similarly, II. Engel found that Avith 8*2, 24*1, 29*5 grms. of hydrogen chloride, 
the soln. can dissolve respectively 41*1, 28*5, 21*6 grins, of lithium chhiiido. 
R. Engel noticed empirically that with barium, strontium, and other chlorides 
the solubility diminishes in the presence of hydrochloric acid by a ((uantit}'* wliich 
corresponds with an c<i. of chloride for each eq. of hydrochloric acid added; or, 
in other words, the sum of the eq. of the cliloride and acid remains constant. Tin* 
sum of the oq. at llrst diminished slightly and then increased. This rule <lid not 

hold good after the solubility had fallen l(‘ss than one- 
fourth its value in water; with ammonium chloride, 
on the contrary, the sum of the (*t[. steadily and 
gradually increased. G. Jeaumd further found that 
Engel's rule is not applicable to potassium chloride and 
hydrochloric acid unless the water is taken into aeaajunt, 
whciU the sum of the eq. of the three substances 
remains constaait ; and generally, f*xtaq)ting for very 
slight deviations, (4. Jeanne] found that the solubility 
of the cJilorides in water iu tlm presence of hydrochlorrc 
acid varies so that the sum of the eq. of salt, a(d<l, and 
water in soln. are nearly constant at the same temp., 
whatev(‘r be the nature uf the chloride. The addition 
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Fig. 21. — Solubility Curve 
of Lithium Cliloride. 


of mercuric chloride raises the soluliility in cojiscquence of the formation of the 
double salt, 2HgCl2.Na(d. 

There is a break in the solubility curve of sodium chloride at 0*15'' corresponding 
witli the formation of dihydrated sodium chloride, NaC 121120 ; this point is lowered 
to "'2*50^^ in the presence of jiotassiuni chloride, and to — 2*85 iu the prescuc.e 
of sodium sulphate. I'ho eutectic or cryoliydrate temp, for the system Na.(:i.2HoO, 
ice, and sat. soln., is at -2] *2'; and the eutectic mixture has 28*9 grms.^of 
sodium chloride ; and with [)utas.siuiii chloride the eutectic temp, is — 10*9 ' for 
soln. containing 59 grms. of salt. The eutectic KCl+lHHgO is uot a deliiiito 
compound. 

I he work of A. Bogorodsky shows that lithium chloride forms tliree hydrates — 
(i) needlc-likc crystals of trihydrated lithium chloride, LiG1.3H20 ; this passes 
into (ii) dihydrated lithium chloride, LiCI.2f{20, at — 15^^ ; the latter passes into 
(iii) monohydruted lithium chloride, Jad.H^O, at 12*5'^ (perhaps 21*5 ') ; and the 
latter, in turn, into (lie anhydrous salt at 98^’, The las^t three compounds crystallize 
in cubes or of'tohedra in tin? cubic system. A supersaturated soln, of the dihydrate 
in 98 per cent, alcohol is said to df'posit the hydrate 2X.i(jl.3H20, These hydrates 
have not l)een closely investigated ; the solubility curve is supposed to be that 
indicated more or less diagrammatically in Fig. 21. 

Ihe solubilities of the alkali chlorides in soln. of ethyl alcobxd decreases with 
jiHUcasing proportions of alcohol, and become very small in absolute alcohoi 
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According to C. A. L. de Bruyn, 100 grnis. of absolute ethyl alcohol dissolve 0 034 
grm. of potassium chloride at IS'S®, and 0'065 grra. of sodium chloride. A mixture 
of equal parts of 96 per cent, alcohol, and 98 per cent, ether, says A. Mayer, dissolves 
O'Oll grm. of sodium chloride. The number of grams of sodium chloride which can 
be dissolved by a 10(J c.c. of aq. alcohol of different cone, is as follows ; 


Ethyl alcohol (13°) 
NaCl . 

Sp. gr. 


11*81 16-99 

23‘20 20-81 

1-1348 1-1144 


24-95 40-33 

10-23 9-13 

1-0098 0-9880 


57-91 72-20 

3-47 0-50 

0-9075 0-8400 


Similarly, with potassium chloride : 


Kthyl ^Jbol (14-5°) . 2-79 10-56 20-06 40*42 48*73 68 63 

. . 26*86 20-56 1427 6*35 3*82 0 30 

Sp.gr.. . ... ]-1542 1-0545 1 0545 0*9695 0 9315 08448 


The solubility increases with For example, with ethyl alcohol, of sp. gr. 

0*9282, that is, aq. alcohol with 54 per cent, by weight of alcohol, dissolves per 
KX) grrns. of solvent at 


4 '^ 10 ’ 23 ’ 32 ^ 44 ’ 61 ’ 60 ® 

Grma. NaCl . . 10*9 11 1 11-9 12 3 13-1 13'8 14-1 


The solubility of potassium cliloride in ethyl alcohol of sp. gr. 0*939 rises from 
4*0 at 0^*" to 11*8 at 60°. Similar results are obtained 
with other mixtures of alcohol and water. According to 
C. A, L. de Bruyn, IW grms, of 98 per cent, jnethyl 
alc 9 hol dissolve 1*22 grms. of sodium chloride, and It 
grins, dissolve in 40 per cent, methyl alcohol ; 100 grnivS. 
of propyl (dcoliol of sp. gr. 0*810 dissolve 0*033 grm. of 
sodium chloride at room teinj?., while potassium chloride 
is almost insoluble in this menstruum, and himinescenee 
occurs when soln. of hydrogen chloride in propyl alcohol 
are treated with potash At I?"", 100 niols. of 

aceiic ether dissolve 0*31 mol. of sodium chloride, and at 
40°, 0 037 mol. 

The soluljility of sodium cliloride. in aq. aceiom at 20° 
falls to 27*18 with 10 c.c. of acetone per 1(K) c.c. of sol- 
vent to 0'2r> wtth 90 c.c. of acetone per KA) c.c. of 
solvent ; at ()\ KX) grms. of acetone dissolve d‘6 grms. of lithium chloride, and 
at 58°, 2*14 gnus., so that the solubility is diminished hy a rise of temp. The 
solubility of potassium in aep soln. of acetone iiu*reascs from almost zero with 100 
per cent, acetone at 20^^ to 8*46 with 50 per cent, acetone ; and to 21*38 with 20 
per cent, acetone. At 30°, iCX) gnus, of a soln. with 6*96 per cent, acetone 
(-arries 23*42 per cent, potassium chloride and the remainder is water ; 8*06 per 
cent, of this salt is present in a soln. with 45*98 per cent, ai-etone ; and 0*13 per 
c<mt. of tliis salt in a soln. with 80*88 jier cent, of acetone. At 40°, a soln, with 
15*75 per cent, acetone carries 21*28 per cent, of potassium chloride; and wdth 
79*34 per cent, of acetone there is 0*58 per cent, of jmtassiiim chloride. At 40°, 
therefore, for coiic. of acetone between 20 and 80 per (‘.ent., the sat. soln. separates 
into two layers; the upper layer has 55*2 per cent, water, 31*82 acetone, and 
12*99 KOI, when the lower layer havS 28*14 per cent, water, 69*42 acetone, and 
2*44 KCI. Similarly, when the upper layer has water, acetone, and ]>6tassium 
chloride in the respective ratio 46*49, 45*34, and 8*17 ; the lower layer has 38*68, 
56*17, and 5*23. The separation into two layers with sat. soln. of potassium 
chloride containing 26 per cent, acetone, occurs at 46*5° and the temp, of separation 
with other proportions of acetone is indicated in Fig, 22. 0. E. Linebarger ( 1 892) and 

J. B. Snell (1898) found the phenomenon also occurs with the chlorides of lithium; 
ammonium, sodium, rubidium, calcium, strontium, cobalt, and many other radicles ; 
also with bromides, sulphates, cyanides, and numerous other salts with aq. acetone, 



/^er cent, acetone 


Fio. 22. — Teinporaturw of 
Separation into two 
Layers of Saturated Solu- 
tions of Pota.ssium Chlo- 
ride in Aqueous Acetone. 
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in aq. propyl alcoliol, and with methyl alcohol C. Lincbar^er observed the 
phenomenon onlv with ]>ota 8 sium carbonate. The phenoiutuion, iiulccd, was first 
mentioned by liuyiuond Lully in the thirteenth . century ; for, wlioii proparino 
cone, alcohol, ho noticed that the addition of potassium carbonate to aq. soln. of 
ethyl alcohol caused the liquid to separate into two layei’s. Centuries later. 
R. Brandes, JJ. Schilf, J. Traube, and 0. Ncuberg, and C. E. Liuobarger addo<l 
many other exa)n]>les. J. V. Snell studied the condition of the formation of two 
liquid phases in a tJiree e.oni})onent system — water, acetone, and potassium chloride. 

Lithium cliloride. is fairly soluble in many organic fluids, and in some cases 
much heat is developed, and compounds are formed. Kj/, the compoimds 
LiC 1 . 3 CH 30 Jl : Li( 'i, 4 ( olfr^OH have been isolated. According to 11. E,, Catteu 
and \V. R. 3 Jott, 1 ( 1 ) gnus, of a sat. soJn. of lithium chloride in water at 25^ (fob tains 
450 per cent, of tlie salt; in ef/iifl alcohol, 2*475 grms, of the salt; in proptjl alcohol , 
;3*720 grms. : in buffjl alcohol, 0*5(5 grms. ; in amyl alcohol, 8*25 grms. ; in allyl 
alcohol, 4*20 grms. ; and in jthcnol, 1*80 grms. L. W. Winkler found lithium chloride 
to l>e re«ndilv vsoluble in primary butyl alcohol, while tlic chloritles of sodium and 
potassiTiin are very s])aringly soluble. According It) Cr. Lejnoine, the solu])ility of 
Jitliiuin chloritle in the alcohols decreases proportionally with tlie mol. wt. of tlie 
alcohol. E. A. Gooch vsays that 10 c.c. of amyl alcohol dissolve O'Gfi gnus, of 
lithium cldoride. 0*0041 gnn. of sodium chloride, 0*0051 gnn. of ])otassium cldoride, 
and less (liaii o ooq gnn. of rubidium and caesium chloride. L. N. Andrews and 

C. Ende have shown that- litldum cJdoride lias 
a tendency to ]>olymeiize when dissolved in 
alcohol and other organic solveiits ; Jl. G. .loues 
and co-workers have also sliown tliat there is a 
tendency to form complexes bt‘tween tlie lithium 
salt and tlie organic solvent ; while K. W. Wash- 
burn and E. W. iI<dnnos calculate that in n 
JA^-aq. soln. of Itthiiiiii chloride, t^ack mol, of the. 
.solute is liydrated with 18 mols. of tlu* solvent. 
K. G. Donnan aral \\ , G. Garner liave studied 
the di.stribiition ratio of lithium cldoridi^ bctwetui 
amyl alcohol and water. L-^aGl|.\urr-lLiGljAfj 
^-(J()273. 

8 . W. 8 erk(dV has studied tlio pr(»perties of 
acetone soln. of lithium chloride and founfi evidenc<" of tin* formation of complex 
salts. According to J. Schroder, potassium or sodium cldoridt* is not janceptibly 
soluble in 'pyruhvc at 10 '; but in aq. soln. of this meii.stninm, th(^ solubility 
increas(‘s with incrc^ising ])roport ions of water. Thus, wliile lithium chloride is 
soluble in pyridine, the other four alkali chlorides are in.'^olnblc. in anhydrous and 
97 ])er cent, pjyu’idino, they are very sliglitly soluble iu 95 per cent, p) ridine, and 
still juoro so in 9,3 ]>er cent. j>yridiFH*.. The sobd)ilities of litldum chloride in 
anhydrous and in 97 j^er cent. ])}Tjdine soln. at diDVremt temp, arc shown in 
the diagram, Fig. 23. Tlie ( nrioiis )>reak in tin* cnrv(‘ willi anhydrous ]>yri(line 
is sujijiosed to 1)0 due to Gie fact that lielow 28 ' the S(»ln. contains Li( 1 . 2 t‘V>H 5 N, 
and above 28 , Li('].(’ 5 ff 5 N. 44ie table shows that at 20 , lt )0 grms. of anhy- 
drous ])yridinc dissolve 13*39 grms. of lithium cldoride, and ItX) grms. of tiie 
97 per cent, pyridine (97 vols. aidiydrous ])yridine, 3 vols. water) at 22" dissolve 
14 31 grms. of lithium cJdoride. Aca*ording to J. Schroder, potassium chloride is 
not appreciably solid)le in aq, ])yridin<‘, but it dissolves in aq. pyridine, and 
this the more the greater the imqiortion of water in the solvimt. The very 
spanng soluliilit ies of potassium and sodium chlorides in amyl al(‘.ohol, and in 
])yridino ha\e been u.sed for t Jie analytical sej>aration of lithium cldoride from the 
othei alkali chlorid(‘,s in F. A. Groocli s and L. Kalilenberg's jirocesscvs nrspectively. 

n ^ . 7 /y^cre/ is (;f sp. gr. 1*2555 (25*') tlie solubility of sodium chloride at 25^^ 
falls from 3] *93 to 29*31 grms. jier lOi) c.c. of soln. with 13*21 per cent, glycerol as 



Fio. 23. ■ — 4’ho Solubility of 
Lithium CJiIoride in Anhydrous 
and 97 per cent. Pyridine. 
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solvent ; and to 978 grms. per 100 c,o. of solvent with 100 per cent, glycerol. 
The corresponding numbers for potassium chloride are 28*61 grms. per 100 c.c. of 
sola, with 13*28 per cent, glycerol, and 8*25 grms. with 100 per cent, glycerol. 
At 15"^, 100 grms. of glycerol dissolve 110 grms. of lithium chloride, and 317 grms. at 
14*8^, According to W. F. 0. de Coninck, a sat. soln. of etkyl glycol^ C2H4(0H)2H5»0, 
at about 15°, has 11*0 per cent, of lithium chloride ; and 37*1 per cent, of sodium 
chloride ; while P. Walden found that at 25°, 100 grms. of furfural, C4H3O.COH, 
dissolve 0*085 grm. of potassium chloride, and A. Kohler states that a sat. soln. at 
31*25° contains 11*33 per cent, of potassium chloride, and 62*28 per cent, of sugar ; 
or 62*17 per cent, of sugar and 11*13 per cent, of sodium chloride. M. Stuckgold 
foundjrhat a litre of ethyl urethane at 60° dissolved 0*023 moL of sodium chloride, 
0 014 01 potassium chloride. Potassium chloride does not dissolve in anhydrous 
and liquid hydrogen chloride ; it dissolves in soln. of antimony trichloride,^^ and is 
said to form a complex 23KCl.lOSbCl3. Sodium chloride dissolves in anhydrous 
liquid a?nmonia, but not in liquid carbon dioxide. 

According to J. L. Andreae, a small contraction occurs when sodium chloride 
is dissolved in water, such that the specific gravity, S, of a sat. soln. which has a 
sp. gr. >Sat d\ is, at «°, /S=O-(X)O^34(^x~0)+O*(XX)(X)O17(^ ; D. I. Mendcleeff’s 

formula is S— 0*99916+0*0071 17/>+0‘(XXX)214p2 (water at 4° unity). According to 
6 . T. Gerlach,^® the sp. gr. at 15° of soln. of sodium and potassium chlorides are : 

Per cent, of salt . . 1 5 10 16 20 24 

Sp. gr. NaCl (16^) . 1-0073 1*0362 1 0733 1*1116 1*1511 1*1840 

KC1(16°) . . . 1 0065 1*0326 1*0668 1*004 1*1361 1*1657 

and r2(XK)98 with a 26 per cent. soln. of sodium chloride, and 1*1723 with a 24*9 
])cr cent. soln. of potassium chloride. W. H. Green gives for soln. of lithium 
chloride of normality N, at 1874° 

N . . .0*1 0*5 1*0 5*0 10*0 12*5 

Sp. gr. laOl (18^) . . 1*00114 1*01082 1*03400 1*11015 1*21575 1*2686 

P. Hosking, G. T. Gerlach, and G. Leraoine’s values for the sp. gr. of soln. of 
lithium chloride at 15°, referred to water at 4° for soln. with C niols. of the salt per 
litre are : 

C . . . 0*00664 0*1030 0'5230 1*0125 2*937 6*02 10*71 

Sp.gr. . . 0*9992 1 0016 1*0115 1*0234 1*0665 1*1107 1*2319 

M. Ic Blanc and P. Rohland’s, W. Blitz’s, and F. Fouque's values for the sp. gr. 
of soln. of rubidium chloride run from 1 0502 to 10805 at room temp, 
when the cone, rises from 6*64 to 10 o9 per cent. The sp. gr. of a 0*33 per cent, 
soln. of cflesium chloride is 1(X)21 at (X , and 10018 at 11”. J. A. Groshans noted 
that solid sodium compounds have a greater sp. gr. than the corresponding potassium 
compounds, and with aq. soln., with an equal number of mols. per unit vol., the 
sp. gr. of the potassium soln. is greater than that of the sodium compound, 
F. L. Haigh’s values for tlie sp. gr. of iV-soln. at 2074° are .* 

LiCI NaCi KCl EbCl CsCl 

Sp.gr. . . . 1*02237 1*03866 1*04443 1*086405 1*126815 

In general, the temp, coeff. of normal soln. of the chlorides of potassium, 
rubidium, or caesium are identical within the limits of experimental error ; but 
sodium chloride soln. expand a little faster ; and lithium salt soln. a little less 
rapidly. F. L. Haigh measured the expansion of normal soln. of the alkali chlorides 
at between 20° and 0°, and between 20° and 50° : 



LiCl 

NaCI 

KOI 

UbCl 

CsCI 

20° —0° 

-27*1 

-42*0 

-38*6 

-38*7 

—38*9 

20° -10° 

-18*0 

-25*4 

-23*6 

-23*7 

23*2 

20° -30° 

27*0 

32*7 

32*7 

31*1 

31*4 

20° —40° 

61-1 

71*4 

71*4 

69*4 

69*3 

20°— 50° 

101*2 

116*2 

116*2 

113*0 

112*4 
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J. L. Andreae represents the volume v of a soln. at by t;— Vi[l+0’000444(5— 0^) 
+0‘000(XX)978(^>— where Vi represents the volume at di"", K. Zepernick and 
G. Tammann represent the volume v of a soln. containing 2‘78grms. of sodium chloride 
per 100 gnus, of water at (9^ by t?=-rO5244O ()OO8lO(0~lOO)+O O(X)OO2O(0-^n^^^^ ; 
and when the soln. contains 12*21 grins., «;=1 05554-0’000802((9— 110). For soln. 
with 3*94 grms. of potassium chloride per 100 c.c., v==r0536“f0*000728((9*— llO) 
+0 OOOCX)42(0— 110)‘^ ; and with 15*76 grms., 1^—1*0528+0*000758(6—111)) 
+0 OODOOll^^—lOO)-. N. A. Tscliernay gives for the volume v of a soln. at 6 ' : 
lithium cliloride. LiCl+oOlLO, r-— I+O O46526+O O5435562 ; sodium chloride, 
NaCl+oOlLO. r-:l+()*()3l457+O*O537580*-; NaCl HlOOHgO, n^-l+O*O46O20 
+O O548256- ; ])otassium chloride, KCl i -50H20, t’~l +0*0312396+0*0536110*- ; 
KCH lOOlloO, r -1+0*045900 ] 0*0544070- ; and for rubidium chloride, RbCl 
d-5()HoO. ?;~14()‘O312()70+OO537160-. G. P. Baxter has measured the sp. gr. 
of soln. of the live alkali chlorides and compared the observed mol. vol. of the solid 
with those com})Uted from the at. vol. of the elements and witli the mol. vol. of <he 
salts in soln. i\ Kohlrausch and W. llallwachs liave measured the sj). gr. 
of very dil. soln. of salt. J. E. Ekiuan found empirically that the pen^entage 
amount of sodium chloride in sea water of sp. gr. 1*0166 is 130x0*0166—2*158 per 
cent, of sodium chloride. S. Lussana found the temp. 0 of maximum density of 
()’50 and 1*44 per cent. aq. soln. of sodium chloride can be represented respectively 
l>y 0 -3*35 - 0*0177(^—1) and 0- 0*77- 0*01 lOQ^-1). 

Tlie rate of solution of the dilfercnt faces of a crystal of rock-salt is slightly 
different, being rather faster on the oetohedral fac(i than on a (mbic. face, and 
inter m(?diate. between these two rates on the dodeealicdral face.^i A. Ritzed lias 
shown that in the absence of urea, tbe octoliedra) faces dissolve fast(‘st. and in tli<‘ 
presence of urea, the cubic faces. W. l*oppe found that witli 0*5 and 1*0 ])er cent, 
under-sat. soln., each crystal face dissolves at a characteristic rate, but with a 
2 per cent, undcr-sat. soln., all the faces dissolve at approximatidy th(^ sam(3 rate. 
The solubility of cubic and oetohedral crystals per 1(K) c.c. of water at the end of 
a given time is : 

Grams urea . . 0 a 13 18 23 28 

Cubic crystals . . 5*451 5*24() 4*874 4*733 4*608 4*559 

Oetohedral crystals . 5*453 5*240 4*808 4*725 4*048 4*050 

W. SchnoiT has also made a .study of tlie dissolul ioii of sodium chloride in soln. 
of urea. 

The boiling points of aqueous solutions of sodium chloride c-ontaining per 
KX) grms. of water, 
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A sat, soln. of litliium clilurkle boils at 168‘ . I’heb.p. of lithium chloride soln. was 
raised 0*130 by tJie addition of 0*13') mol. of tiie salt to iOOO grms. of water, and 
1*743', witJi 1*621 mols. 'the effect this vsalt has on tlio b. and f.p. of water is 
greater than would be expected if the salt w*ere complettOy ionized. This is 
attributed to tin* formation of liydrates which makes the ratio mols. of solute : 
mols. ()f solvent assunu* a higluM* value than that calculated from the analysis of 
.soln. Ihe curve relat ing tlie mol. rise of the b.p. of soln, of the alkali chloridt's 
with cone, shows a minimum wliich is least, with the chlorides wdth the greatest 
mol. wt. ; w ith a s<jln. coutainiiig 0*0409 mol. of rubidium chloride in lOOo grms. of 
w^ater, the b.p. rises 0*039': with 0 3458 mol., 0*313^; and with 0*9419 mol., 
0*8601 The corresponding mol, rises in the ]).p. are 0*11.5^, O-DOo"", and 0*9bT.^‘^ 
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The treezinsr points of aqueous solutions of sodium chloride 46 are represented 
by C. J. B. Karsten’s formula 0*00222442^2-«0*7663855jt}, where p denotes the 
percentage composition of the soln. According to C. Blagden and C. M. Despretz, 
the lowering of the f.j^. of a soln. is proportional to the quantity of salt dissolved 
in a given volume of the solvent ; but, according to L. 0. de Coppet, this is neither 
the case for anhydrous sodium chloride, nor for the dihydrate, NaC1.2H20. With 
soln. containing 5 grms. of sodium chloride per 100 grms. of water, the f.p. is 
lowered 0*580*^ per gram NaCI, or 0*348*^ per gram NaC1.2H20 ; the corresponding 
numbers for soln. with 31*34 grms. of salt are 0*775*^ per gram Na(3, and 0*378"^ per 
gram NaC1.2H20 ; if N denotes the number of mols.-of sodium chloride per KXK) 
grms. of water, the lowering of the f.p. of soln. less than y\;iV-NaCl can be represented 
by 3*5534 A'— r006iV'2. For a soln. with 0*0746 grin, or 0*001 mol, of potassium 
chloride in 100 grms. of water, the lowering of the f.p. corresponds with a substance 
with a mol. wfj. 36, that is about half the mol. wt. of potassium chloride. In dil. 
soln. therefore this salt is assumed to be (completely ionized, and the percentage 
ionization of other soln, (can l^e computed from their mol. wt. calculatecl from the 
lowering of their f.p. The f.p. of a soln. containing ()-2172 grm. of potassium 
chbride per 100 c.c. is - 01031''; and one containing 24*39 grms. per 100 c.c,, 
— 10'61'^. The lowering of the f.p. 46 for soln. between 0*1 and 0 02A-KC1 can be 
represented by 3*r)605A--0*98196A^2 . and for soln. of lithium chloride th(5 number 
of mols. of the salt in 100(3 grms. of water between and 0 02503 by 

3*6116A'^— 0‘88570A^2 ^oln. of lithium chloride with A=0*5136, the f.p. was 

lowered 1*853'^, and for A— 07939, 2*945^. With a soln. of 0*1095 mol. of rubidium 
chloride in 1000 grms. of water, the f.]). was lowered 1*853'^, and for A^ =0*7939, 
2*945''. With a soln. of 0*1095 mol. of rubidium chloride in 1(X30 grms. of water, 
the f.p. was lowered 0*379'' ; and with 0*7608 mol., 2*483'\ With a soln. of 0*0952 
mol. of cjosium chloride, th(^ f.p. was lowered 0*338° ; and with 0*6930 mol., 2*240°. 
The higher the at. wt. of tlie alkali chloride the more closely do the results agree 
with the ionization calculated by W. Ostwald’s law of mass action. 

The vapour pressure ot aqueous solutions has been measured by F. M. Raoult,47 
A. 8mits, C. Jlieterici, and ii, Tammann. A soln. with 0*25793 grm. of sodium 
chloride per 100 c.c. at 0° was reduced 0*007197 mm. of mercury ; and a soln. of 
19*657 grms., 0*53412 mm. Similarly, with a soln. of 2*0 grms. of potassium chloride 
per KX) c.c. the vap. press, was lowered 3*033 mm., and with a soln. of 15 grms., 
3*310 mm. A vap. press, of a soln. containing 4*27 grms. of lithium chloride in 
100 grms. of water at KX)"' was lowered 25*7 mm. of mercury ; with 13*86 grms. 
of rubidium chloride, 291 mm. ; with 28*35 grms. of rubidium chloride, 59*2 mm. ; 
and with 28*92 grms. of cso^siuni chloride, 45*1 mm. W. L. Badgi^.r and E, M. Baker 
measured the vap. press, of soln. of sodium chloride at different eonc. and temp., 
and B. F. Lovelace, J. V, W. Frazer, and V. B, Sease, of soln. of potassium chloride 
at 20°. II. von Feliling noted that a sat. soln. of sodium chloride attracts moisture 
from the atm. 

The viscosity of a normal soln. of sodium chloride is 1*093; and of potassium 
chloride, 0*978- water at 25° unity; 48 and for N-, ^A-, JA\ and ^A’-soln. of 
sodium chloride J. Wagner gave tlie respective viscosities: r(X)73, 1 (3471, 1*0239, 
and 1*0126; and of potassium chloride, 0*9872, 0*9871, 0-9903, and 0*9928. The 
viscosity (jf lithium chloride soln. containing C mols, of the salt per litre at 15' is : 

. . . 10-71 5-02 2-937 1-0125 ()-5203 0-1030 0 00654 

Viscosity . . () 0S05 002331 0 01718 0 01308 001220 0 01220 0 01144 

Ac(^ording to d. Wagner, the viscosity of normal soln. of rubidium chloride at 
25° is 0*9846 ; and of ciesium chloride, 0*9775, under similar conditions. 
W. H. Green measured the viscosity and fluidity of aq. soln. of lithium ciiloride 
at 17*92° and 25° ; he found at 25° for ()*6175A, 5*325A, and 12*345i\'-soln. the 
respective values 0*(X39724, 0*019319, and 0*09589 when the value for water is 
0*008955. Ii. Cohen nu/asured the effect of press, on the viscosity of soln. of 
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sodium and ammonium chlorides of different conc. The resulte with soln. C)f 
sodium chloride of different percentap;e composition are indicated in Fig. 24. TIk^ 
dotted curves refer to a temp, of 2°, the continuous curves^ 14'‘6‘^. The results for 
water alone are marked 0 per cent. The more dil. fhe soln. the mote apparent 
is the anomalous behaviour of water. There is a definite temp, for soln. between 
5 and 10 per cent, at which the influence of press, of 600 atm. is zero, F. Korber 
represented the effect of press, p on the viscosity rj of 0‘01i\r-soln. of the alkali 
halides at lO lS"" in terms of dr)/r)dp, as indicated in Table XIX. 

Table XIX. — Kfeect of Pkessurk on tjijb Viscositiks of Solutions of the 

Alkali IIalioks. 


Press. 

i 

HCl 

LiCl 

NaCl 

t KCl 

NaBr 

KBr 

Nal 

K1 

i| 

i 0 0000 i 

0-0000 

0-0000 

ooooo 

0-0000 

0-0000 

0-0000 

0-0000 

500 

-0 0274 ! 

-0-0240 

-0-0148 

-0-0170 

-0*0097 

-00113 

-0*0019 

-0*0039 

1000 

• 0 -0400 i 

-00374 

-0-0194 

-0*0246 

- 0 -0114 

-0*0150 

+0-0062 

—0-0012 

1500 

-0-0630 1 

-0-0442 

—0-0190 

—0-0238 

-0 0041 

-0-0086 

+0*0214 

+0-0 14S 

2000 1 

-0-0720 

—0*0473 

—0-0103 

—0-0169 

-0*0086 

+0*0031 

+0*0404 

+0-0320 

2.500 i 

—0-0773 

1 -0-0492 

4*0 -0024 

-0-0055 

+0-0255 

+0-0173 

+0-0616 

+0-0023 

3000 ! 

1 -0*0795 

! 

-0 0496 ; 

1 

+0-0164 

+0*0066 

+0-0456 

+0*0347 

+0-0862 

+0-0742 


The diffusion coefficient, of sodium and lithium chlorides per cm. per sq. cm. 
per day, is for soln. of normality N, 

N 

-/NaCl . 


2 

rJ09 

0-928 


I 

1-078 

0-920 


0-5 

1*065 

0-919 


0-2 
1 -069 
0-920 


0-05 


0-01 


0-971 


1-000 


and for potassium chloride soln. of normality 2‘9r)A\ l OO; (V9iV, 1*52; 0*LV, 
r.38 ; and 0*02 A", 1*36, F. G. Doniian and co-workers have studied the equilibrium 
in aq. sola, of two salts at eitJier side of a membrane imper- 
meable to one of the salts — r.q. a diaphragm of copper ferro- 
cyanidc with an aq. soln. of potassium chloride on both sides 
and of potassium ferrocyanide on one side. 

K. Rother^9 found the surface tension of aq. soln. of 
sodium chloride to be 7'357-K^'l’36G;i; rnilJigrms. per mm., 
where 7*357 represents the surface tension of water in the 
same units, and x the number of grain eq. of tlie salt in ICKj 
ecj. (900 grins.) of water. Oihorwi.se expressed, the surface 
tension of an a<^. soln. of sodium chloride containing A’-mols. of 
salt per litre is 72*17+l’382xV dynes per cm., where 72*17 
reprovsents the surface tension of water in the same units. 
According to W. Grabowsky, the surface tension of a 9*47 per 
cent. soln. of })ota.ssium chloride at W is 75*97 dynes per 
cm., and at 30*^, 73 05 dynes per cm. ; for a 18*27 per cent, 
soln. at 10'" and 30"^, respectively, 78*14 and 7513 dynes per 
cm. ; and for a 23*32 per cent, soln., at lO"" and 30*", respec- 
tively, 79*63 and 76*75 dynes per cm. For a 10*24 per cent, 
soln. of sodium chloride at lO*^ and 30^*, respectively, 77*27 
and 74*22 dynes per cm. ; for a 18*71 per cent, soln, respectively, 80*26 and 75*55 
dynes per cm. ; and for a 26*24 jier cent, soln., respectively, 83*96 and 80*95 dynes 
per cm. 

A, Heydweiller 5i sfujght to measure the cohesion between a solute and solvent 
by means of the volume changes which occur on soln. If be the mass of an ion, 
and u its mobility, the product kmu is called the lonennvodulm^ and Ai is a constant 
0*00112 for univalent ions, and 0 06372 for bivalent ions. The modulus was calcu- 
lated in various ways, and the result was considered to represent the cohesion 
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between water and compounds of the elements. The product mu may be regarded 
as representing the characteristic electric charge of an ion. Cohesion is therefore 
ascumed to be proportional to the electric charges of the ions. In chemical com- 
pounds, the negative ion seems to play the principal part in determining cohesion. 
This is shown by plotting the specific cohesion of the molten sodium and potassium 
halides against the charges of the negative ions (where the hydrogen charge is 
regarded as -4-4‘84). The specific cohesion c was measured by S. Motylewsky, and 
the calculated values were obtained from c=630/(e-f 60). where e denotes the charge 
of the negative ion. In a given family of salts, the sp. gr. varies approximately 
as the sq. root of the atomic charge, so that the observed sp. gr. D corresponds 
with the values calculated from the equation Z)-- r54-0 022v2ce' — calcium iodide 
does not give good results, but this may be because the observed sp. gr. is inaccurate. 



NaCl 

KCl 

NaBt 

KBr 

Nal 

K1 

6 

, 35-2 

35*2 

82-8 

82-8 

121) 

129 

c obs. • 

. 6-63 

6*55 

444 

4*41 

3*53 

3-44 

c calc. . 

— 

6-59 


4*43 


3*44 


F. E. Bartell and 0. E. Madison 62 have studied the osmosis of acidic and 
alkaline O'OSZV-soln. of potassium, sodium, and lithium chlorides through gold- 
beaters’ skin membranes. 

The refractive indices, fi, of sodium and potassium chlorides, 63 for visible rays 
of wave-length 0'768 to 0‘441, arc : 


Wave-length 
/NaCl . 
^IKCl . 

798 

, 1*53671 
. 1*4837 

627 

1*5421 

1*4882 

660 

1 *6463 
1*4927 

50H 

1 *5509 
1*4976 

486 

1 *5534 
1*4981 

467 

1*5557 

1*6003 

441 

1*5596 

1*5019 

and for the ultra*\dolet 

rays : 






Wave-length 
/NaCl . 
^\KC1 . 

8307 

1*5138 

1*4683 

5640 

1*5184 

1*4700 

3320 

1*5230 

1*4720 

2076 
1*5264 
1*4747 * 

1511 

1*5280 

1*4764 

978 

1*5321 

1*4798 

831 

1 *5347 

1 *4822 


According to N. Lagerborg, the refractive index of sodium chloride for sodium 
light decreases with a rise of temp, such that this constant at a temp., 6, has the 
value 1 -54489 -0-00()0307d between 14-.5° and 42T)° ; and 1-54489 -0-00003430, 
between 14-.5°and 90 .5° ; and, according to T. Liebisch, for .sodium chloride, 1-49110 
— 0-00003450. Blue rock-salt shows spectral absorption bands in the red and 
orange, and the middle of the band corresponds with a wave-length A— 630/ift; 
and with the blue cry-stals coloured by sodium 6* there is a strip in the yellow for 
A=562/x./Lt. The refractive index of crystals of rubidium chloride for the Z)-lino 
is 1-4928. The dispccsive power ot rock-salt (p.o-pi.')/p.i)~l) for the red 
hydrogen (7-line (6563), the yellow sodium Z)-line, and greenish-blue hydrogen F-line, 
is 0-0233; and for sylvine, 0 0226. Rock-salt has ju.c=l-5407 ; (mf, 1'5534; and 
15443 ; and sylvine has /ic==l'4872 ; (j-f, 1-4983; pNio 1-4904. H. H. 
Marvin has also studied the optical dispersion. A rose-red fluorescence has been 
observed with violet and blue rock-salt, but not with brown, yellow, or orange- 
coloured salt. W. C. Rontgen also showed that rock-salt becomes luminous under 
the A-rays, and S. Kreutz has shown that some varieties of naturally coloured 
'rock-salt, on warming, become feebly but clearly phosphorescent. V. Meyer 
measured the magnetic rotatory dispersive power of rock-salt and sylvine. 

Some of G. P. Baxter’s values 66 for the retractive indices of aqueous solutions 
of lithium, sodium, and potassium chlorides, at 25°, are given in Table XX. The 
percentage composition and sp. gr. of the soln. are also indicated in the table. 
0. Pulvermacher has measured values for soln. of sodium chloride. F. L. Ilaigh 
gives for normal soln. of the alkali chlorides : 

MCI M«C1 KCI KbCl CsCl , 

Index of refraction . . . 1-33648 1-33761 1-33743 1-33786 1-33902 
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Tlie spccitic and mol. refractionB were also computed by Lorontz and Lorenz's 
formula The increments in the densities and indices of refraction were found t., 
Lrcase slowly with increasing cone., and to be nearly additive at eq cone 
particularly with the more dil. solii. The specific refractions calculated on t he 
Lumntiou that the specific refraction of water does not change in soln are nearly 
constant but decrease slightly with increasing cone. Tlic curves showing th(' 
relation between cone, and the indices of refraction of these soln. are slightly con- 
vex towanls the cone, axis, corresponding with a slow decrease in the imnenients 
of the refractive index with increasing cone. 'The (dectrical conductivity of 
crystals of sodium chloride are greatest perjiendicular to the cubic faces, and least, 
perpendicular to the rhoniliic dodecahedral face. 


TaBLI^ XX.— KEi‘BA('T[VK Oi' SOT.TJTION.S OF THK AlKAU ClULORlDES. 


Litliiuin Cliloridc. 

Sodium Cldoride. 

Potassium Chloride. 

Per cent. 

Donelty. j 


Prr cent- 

Denrtity. ' 


Per cent. 

Density. 


0-62.>4 

1 00008 i 

1-33388 

0-3280 ' 

1-00079 : 

1 -33342 

0-9466 

I -00308 

' 1-3.3370 

14114 

1-00511 i 

1-33555 

0-0980 

1-00413 

i-:i;i4i7 

2 ■4023 

1-0124 

i 1-33581 

2 -770:1 

1-01311 ! 

i:i:i842 

1-1068 

1-00477 

i:i3438 

4-8:i40 

1 -0282 

1-33896 

5-7:152 

1-02906 : 

1-34165 

5-3562 

1 03488 

1-34169 

9-4 153 

1 -0577 

1 -.345 17 

10*5860 

1-05832 1 

1 *35494 

5-4131 

1-03532 

: i :i4179 

17-898 

\'[\m 

■ 1 *351)87 

] 3*1090 

1-07299 ; 

1-36024 ' 

14-3440 

t 1-10140 

^ 1*35747 

21-770 

1-1441 

1 -36236 


W. N. Hartley found the alkali chlorides in the oxyliydrogen bIowj)ipo flame 
give litiea of elements with a more or less continuous spectrum believed to be due 
to the respective metals. Lithium (‘hloride, however, gives tu> conlmiiions spectrum. 
G. P. Thomson studied the anode rays from lithium chloride and otlu'r alkali halides. 

The electrical conductivity of sodium chloride is very small, less than t)*000.L 
units—SbtjOXlO-s (mercury unit) at 20''. The electrical conductivity of tlie 
molten salt at OGO' is 0’920G ; and, according to L. roincare, at TW the electrical 
(‘onduotivity is 3*539 reciprocal ohms per cubic centimetre ; for ])otassium <.*hlori(h‘ 
at the conductivity is 1*908 reciprocal olims. W. Ostwald found that in thv^ 
electrolj^sis of molt<m sodium chloride with carbon electrodes, there is scarcely 
any formation of chlorine or sodium unless special conditions are establislied, but 
tlie negative electrode increases in bulk find is destroyed (Aving to tlic cataplioresis 
of the molten chloride. The positive electrode is not alTected. Tlie electrolysis 
of molten sodium cjhloride furnishing sodium and chlorine, and of sodium chloride 
soln. furnishing sodium hydroxide, chlorine, and oxy-chlorine com])ounds are 
discussed in connection with tlie latter. E. Briner and co-workers have conijiared 
the current yields of alkali hydroxides by the electrolysis of soln. of lithium, sodium, 
and potassium chlorides of ditTerent cone. With oO.OOU c<mloml)s through 3*1 A"-soln. 
the current yields arc respectively 75, 82*5, and 87 per cent. J. 0. Ghosh measured 
the conductivity of fused sodium or potassium chloride ; C. Sandonnini, mixtures 
of the two chlorides ; and F. M. Jager and B. Kainpe found the mol. conductivity 
of potassium chloride, at 6^ between 775*7 ' and 943*5° to bo u^=^Hl5*4+0*2575 
(0-800). ^ 

equivalent electrical conductivities of solutions of the alkali chlorides 
containing a mol. of the salt in i litres of water, at 23’^ are : 


V 

. 

32 

64 

LiCl 


. 103-8 

106-3 

NaCl . 


. 107*2 

110-3 

KCl 


. 127*4 

130-3 

KbCl 


. 129*6 

134-0 

CsCl 


129-9 

133-9 


128 

256 

512 

1024 

109*8 

112-4 

114*6 

116*1 

112-6 

1 14-7 

116*6 

117*8 

133*1 

i;U'9 

137*6 

138*8 

136-9 

138-6 

140-0 

142*0 

136-8 

138-6 

140-8 

143.0 



THE ALKALI METALS 


551 


0. Gropp measured the conductivity of liquid and frozen soln. of lithium, sodium, 
and potassium chlorides, F. Batig studied the electro-chemical action — vide alkali 
chlorates. The electrical conductivity of soln. of lithium chloride in several non- 
aqueous solvents has been investigated. Formic acid as a solvent exerts an ionizing 
power of the same order of magnitude as water ; in acetic acid, the lithium chloride 
seems to be partially associated to double molecules, Li 2 Cl 2 ; and in some solvent, 
the results are still further complicated by the union of the salt with the solvent. 
According to H. E. Patten and W. R. Mott, the electrolysis of soln. of lithium 
chloride in some of the higher alcohols — e.g, phenol — furnishes metallic litliium 
when the rate of the reaction between the solvent and the deposited metal is not 
greater than the rate of deposition of the metal. S. von Laseznsky and S. von 
(irorsky measured the conductivity of lithium chloride in pyridine; B. Schapire 
of sodium and potassium chlorides in aq. alcohol. H. Zaniiinowich-Tessarin measured 
the electrical conductivity of soln. of potassium chloride in formic acid ; and 
J. 0. Ghosh in mixtures of pyridine and water. 

The electrical conductivities of soln. of potassium chloride have been determined 
with a great degree of j)recisioii since aq. soln. of tliis salt are commonly used as 
normal standard liquids for measiuring the rcsistanre-constants of the apparatus 
employed in conductivity determinations. According to (.). J^egiiisne, the coeff. K 
at 6^ in reciprocal ohms is represented by the expression /^^[l |-u(0 
where is the conductivity at 18“, and for 0 0CK)lA’-suln. of potassium chloride 
a- 0*02194, 6=0*(XKK)824 ; for O-OOlA^-soln., rr -0*02172, 6==0*00<X}C07 ; for 
U* 0 LV- 5 oln., «=-0*()2149, 5=-0*(X)0065a ; and for 0 05xV-soln., </-:=0-02127, and 
i--0 0000613. The limiting value of the eq. conductivity at 18® determined by 
F. Kolilrausch, A. A. Noyes and W. D. Coolidge, A. J. Weiland, S. J. Bates, 

O. A. Kraus and W. C. Bray, R. Wegseheider, W. Sutherland, H. C. Jones, 

P. T. Muller and R. Romann, and P. Walden varies from A^=rl27*5 to 
131*4. 

The measurements of the lowering of the vap. press., the raising of the b.p., 
the (Icpression of the f.p., and the electrical conductivities of aq. soln. of the alkali 
(dilorides are in harmony with the avssumption that there is a partial ionization of 
the salts in soln. The degree o£ ionization of soln. of potassium, sodium, and csesium 
chlorides of cone. iV-mols. per litre is : 
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0 0001 
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001 

01 

10 

3 0 

5 0 

LiCl 

— 

98 0 
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— 

NuCl 

99-2 
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96*0 

96 0 
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-- 
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According to A. A. Noyes (1907), the degree of ionization decreases with a rise of 
temp. G. N. Lewis and G. A. Linhart have compared the degrees of ionization 
calculated by thennochemical data and by the ratio A/A^. S. Arrhenius gives for 
the heat of ionization at 35^, with ^iV-soln..LiCl, —399 cals. ; NaOl, —454 cals. ; 
and KOI, —362 cals. 

The transport number of the lithium ion®® at the limit of dilution at 18® is 
0*330 ; for 0*2 to 0‘(XK36 normal soln. of potassium chloride, the transport number 
of the cation is 0*494 between 0® and 18® ; at 30® the constant rises to 0*499 for tJie 
anion, in soln. between 0*3 and 0*008 normality, at 18®, the transport number is 
0*503, and this constant rises to 0*513 at 76®. The transport number of the anion 
in O'ObiV-soln. of rubidium chloride at 20®“-22® is 0*515 ; and in csesium chloride 
soln., 0*508. With soln. of sodium chloride, the transport number of the anions 
at 10® rises from 0*621 with 0*005 iV-solii. to 0*648 with 3xV to 5A'“Soln. ; and for the 
cation in one per cent, soln., at 20®, the transport number is 0*608, and at 95'^, 
0*551. S. A. Braley and J. L. Hall measured the transport numbers of potassimn 
and sodium in mixed soln. of their chlorides. G. von Hevesy estimated that the 
velocity of diffusion of ions in crystals of rock-salt is 3x10“”^® cm. per day at 
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’ ordinary temp., and 200 times faster at 160°. In aq. soln. of alcohol, the tramp,. . 
number of the cation rises as the cone, of the alcohol increases. 

■ The effect of press, on the electrical conductivity, resistance, degree of ionmti<,. 
^■^f potassium and sodium chlorides has been measured by, I, ]^jung,« S. Arrhenius 

■ F. Korber, S. Lussana, G. Tammann, J. Fink, and A, L. Stern. Ihe results oi 
F. K6rber for the ratio of the electrical resistance Rp at a press, p a.nd Rj at unit 
press with N-soln. of the alkali halides^ and with soln. of sodium chloride. of diffeivni, 
cone., are indicated in Figs. 25 and 26. F. W. Schmidt has investigated the inlluoin , 
of press, on soln. of the alkali halides in different solvents, and at different teni|i. 
and different cone. H. S. Earned measured the electromotive foice ol cells 
E 2 /KCI (or NaCl), HgCl/Ifg ; J. A. Beattie and D. A. Meinnes made observations 
on this subject. D. A. Innes and K. Parker, and M. Chow calculated the free 
energy of potassium chloride in soln. A. Reis gave for the free energy for tlic 
separation of ions, KCl, 163 kgrm. cals, per mol. : NaCl, 182 ; LiCl, 179 ; and 
HCl, 326. P. D. Foote and F. L. Mohlcr found the ionizing potential of sodium 
and potassium chloride vapour to be about 6 volts. 



Fio. 25. — Ellect of Pres- 
sures on tho Electrical 
Resistance of Solutions 
of Sodium Chloride. 



Fio. 2G.-^-Effoct of .Pres- 
sure on the Eleclrical 
Res i stance of A’ -solu- 
tions of the Alkali 
Halides. 


The reported values for the dielectric constant of sodium chloride range from 
5*G0 to 6*29, and it is the same in all directions ; the dielectric constant ^2 of potas- 
sium chloride is 4*94. '^J'hc dielectric couvstant of soln. of potassium chloride is larger 
than for water. The dielectric; constant of a 0*(J()liV-IvCl is 1*103 (water-unity); 
0*005iV^-KCl, 1*034 ; O OliV’-KOl, 1*113 ; 0*03A’^-KC1, 1*160. The dielectric constants 
are not proportional to the electrical conductivities. Sodium chloride is paramag- 
netic, ^3 and the magnetic susceptibility of sodium chloride is - 3*76-7 xl0~^ units 
of mass, and —8*16 X 1U~7 units of volume ; of potassium chloride -^4:7 X IQ*"? 
umts ; of caesium chloride, —2*8x10-7 mass units at 17“ ; and of lithium chloride, 
—4*7 X 10-7 mass units. 

Chemical properties.— Sodium chloride is necessary for the proper performance 
of the physiological functions of the body ; tlie otlier alkali chlorides are said to 
be poisonous with small animals. According to C. llichet, the maximum dose 
per kilograin of animal, with subcutaneous injections, is 0*1 grm. with lithium 
chloride; 0*5 grin, with 2)otas8ium chloride; I'O grm. with rubidium chloride; 
and 0*5 grni. with caisium chloride. Lithium chloride is very hygroscopic ; sodium 
chloride is less hygroscopic, but it takes up 0*6 to 0*6 per cent, moisture on exposure 
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to ttir. There is virtually no hydrolysis in aqueous solutions of sodium chloride, 
but at higher temp, the salt is decomposed as diseased in connection with the 
formation of sodium hydroxide. This is shown by F. Emich’^ exj»eriment ^ : 

H.^drt 0, httlo sodium chloride in a platinum crucible to bright redijiess, and add al coiiple 
of drops of water to the hot crucible so that the water assumes the spheroidal state. In 
a moment, transfer the water to a beaker containing a faintly coloured soln. of blue litmus 
— the litmus is reddened, showing the presence of an acid — hydrochloric acid. The salt 
remaining in the crucible is dissolved in water, and it turns red litmus blue, showing the 
presence of an alkali — sodium hvdroxido. There appears to be a reaction: NaCl+H20 
^NaOH -j-HCl, and the water abstracts the more volatile hydrogen chloride. 

Lithium chloride is more hydrolyzed in aq. soln. than sodium chloride, and this 
requires some attention in analy^iis. During the evaporation of an aq, soln. of 
lithium chloride, some hydrogen chloride is lost, and a mixture of the hydroxide 
and chloride remains. To prevent the hydrolysis, the evaporation is either con- 
ducted in a stream of hydrogen chloride gas, or the soln. to be evaporated is mixed 
with ammonium chloride ; in the latter case, the ammonium chloride splits into 
ammonia and hydrogen chloride, which prevents itvS hydrolysis. The action of 
steam on heated sodium chloride can be recognized at 7(K)\ and increases regularly 
with rise of temp, up to KXX)*^. Sodium chloride has an appreciable vap. press, at 
its m.p., and the reaction appears to take place mainly between salt vapour and 
steam. Sodium and potassium clilorides are not altered in com]>osition by fusion 
in air, but lithium chloride becomes alkaline and loses chlorine.®^ According to 
H. Schulze, if sodium chloride be heated to redness in the presence of oxygen, a 
trace of chlorine is produced. If heated with phosphorus, arsenic, or molybdic 
trioxide, an acid chloride or chlorine is produced. Many acids decompose sodium 
chloride with the evolution of chlorine — e.ff, nitric and boric acids. Alumina, 
boric oxide, and silica similarly decompose molten sodium chloride, and, in the 
presence of moistui'e, liydrogen chloride with sodium aluminate, borate, or silicate 
is respectively produced. A mixtiu'c of ferrous siilphate and sodium chloride 
furnishes chlorine and sodium sulpliate when roasted in air ; ammonium 
hydrogen sulphate gives sodium ammonium hydrosulphate and hydrogen 
chloride, and at a higher tcunp., sodium hydrogen sulphate and ammonia. 
The transformation of the chloride to fluoride occurs when fluorine is brought 
in contact with the alkali chloride in the cold ; bromine forms about 5*5 per 
cent, of bromide at ordinary temp., and 7 per cent, at about 400®; iodine 
also replaces part of the chlorine from sodium chloride. Sodium and potassium 
chlorides copiously absorb liydrogen chloride, and, according to M. 13erthelot,<^® 
the respective hydrochloride is formed. The hydrochloride is decomposed by 
water. When sulphur is melted with alkali chloride, the alkali sulphide and sulphur 
chloride are formed,®® Hydrogen sulphide can also transform the molten chloride 
into sulphide, and the action is faster in the presence of moisture. 7® The vapour 
of anhydrous sulphuric acid is absorbed by sodium chloride forming a syrupy mass 
which becomes crystalline. C. Schultz-SeUack supposes tliat a product with tlie 
composition MCI.4SO3 is formed, The so-called sulphalite, 3Na.S04.2Na(fl, 
occurs in the borax lake district (California) as a rare crystalline mineral of Sj). gr. 

^ 3;^, which is sparingly soluble in water. 

An aq. soln. of sodium chloride is partially decomposed by carbon dioxide under 
press., and some sodium carbonate is formed. Copper, zinc, iron, lead, and 
aluminium give basic chlorides with aq. soln. of sodium chloride. Tlie reported 
evolution of hydrogen when magnesium is used is probably due to the j^resenco of 
sodium as an impurity with the metal. Lead oxide in the presence of lime gives 
caustic soda. Metal sulphates commonly give sodium sulphate by double decom- 
position : MS04+2NaCl=Na2S04+MCl2. 

Several hydrates of lithium chloride have been reported. The existence of a 
moxiohydrated sodium chloride, NaCl.HaO, is doubtful. B. Bevan claimed to 
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have made it by cooling a solu. of the salt in hydrochloric acid. The so-called 
decahydrated sodiirm chloride, NaC 1 . 10 H 20 , is a eutectic mixture of ice and salt, 
freezing at —21*2''. According to J. T. Lowitz,72 ^ hydrated SOdium chloride, 
NaC1.2H20, is formed when a sat. solii. of salt is cooled below —5''. The jnojioclinio 
crystals are isomorphous with the corresponding bromide, NaBr.2HoO. Hydrates 
of the other alkali chlorides have not been prepared. 

Aq. soln. of lithium chloride absorb larger amounts of ammonia than water 
alone, owing to the formation of complexes, Li(y(NH 3 )n — ^lithium ammino-chloiides. 
Similar remarks apply to lithium bromide and iodide. If the solubility of ammonia 
in water be unity, R. Abcgg and H. Riesenfeld found the solubility at 25"^ is : 



LICI 

LlBr 

Lll 

NaCl 

NaBr 

Nal 

KCl 

KBr 

Kt 

0'5A^-soln. 

. 0*080 

1001 

1*030 

0*938 

o-9<ir> 

0-995 

0-930 

0*950 

0-970 

J *5N -soln. 

. 1*015 

1-900 
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0-985 

0-809 
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The vap. press, p of ammonia in normal soln. of ammonia at 25'' when 0 mol. of 
lithium, sodium, or jDota.saium chlorides are dissolved in a litre of the liquid : 


a 

0*0 

0*5 

10 

1*5 

pJACl . 

13*4.5 

13*72 

1.3*35 

J2-87 mm. 

^),Na01 . 

13*45 

14.32 

15*14 

15*90 mm. 

/3,lvCl . 

13*45 

14*49 

15*53 

10*03 inrn. 


The tendency of the lithium salts to form complexes with ammonia is likewise 
shown by the partition of ammonia between chloroform and aq. soln. of the lithium 
salt.'^^ Dry salts of lithium also form conqdexes with ammonia, and a comparison 
of the observed thermal value of the nuietion with that conqjutod fi'oin tlie dis 
sociation press, of Clapcyron’a equatioJi has been made bj' J. Bonnofoi, and indicated 
in Table XXI. According to h\ Ephraim, lithium tetrammiTio-chloride has a 
vap. press, of 7G0 mni. at 12". 

XX [.--'Dissociation PnKs.st7aKS oy tiik Litiitujm Aai.mino- chlorides. 


i 

Formula. | 

Temp, of formation. * 

Dissociation press, mm. mere ary. 

Thermal value In Cals. 


; i 

1 



j Calculated. | 

Found . 

LiCl.NH., 

1 Over 85'’ i 

307 at 90° ; 

040 at 109-2° 

1 ■ 

1 11*93 

11*87 

Li(1.2NH, 

i 00° to 85° 

373 at 08-8° ; 

980 at 89-2° 

1 1 *02 

1 1 *49 

Lia.3xVi[; 

i 1 5° to 00° 

320 at 43’; 

790 at 00“ 

1 JJ-U7 

1 1*10 
8*93 

LiC1.4Nli8 

! —18° 

384 at 0°; 

754 at 12-74“ 

8-93 


riiC lithium chloride ol)tained by withdrawing ammonia from the aminino- 
chlothle is in ratlier a favourable condition for the reformation of these compounds, 
and it is used for prejiaring analogous compounds with the mono-, di-, or tri-, 
luetliyl-, ethyl-, isobutyl-, or aiiiylaniine. According to T. Weyl,^^ potassium and 
sodium chlorides absorb water-free ammonia at high press. There appears to be 
no cliemical combination, and tlie mass rapidly Jexses the aI).sorb(‘d gas on exposure 
to the air. Sodium chloride dissolves in liquid ammonia at — 10'", and if the soln. 
be evaporated below --24^ small, wliite, needle-like crystals arc formed with a 
composition corresponding with sodium pentammino-chloride, NaOI.bNHg, and a 
vap. press, of ^77 nun. at — 2T", and 2130 mm. at — 7". A mixture of the solu. of 
sodium and sodium chloride in liquhl ammonia becomes colourless, and gives oil 
hydrogen with the formation of what A. Joannis’^ supposed to be NaCl.NaNIL. 

It has be(»n shown that the f.p. curves of binary mixtures of the alkali (‘blorides 
show the i>robahle formation of compounds, LiOl.RbCl, LiCl.CsCl, and Litn.2CsCl. 

I ie cuTves of binary mixtures of lithium chloride with magnesium, calcium, 
strontium, or barium chloride show no signs of the formation of definite compounds, 
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but mixtures of potassium and calcium chlorides show a maximum at 740'', cone- 
sponding with the formation of a compound, KCl.CaCl2, or KCaClg. R* Krickmc) er 
also could not obtain solid soln. of lithium chloride with potassium or sodium 
chloride by crystallization from aq. soln. Lithium chloride readily forms double 
salts with copper, ferrous, cobalt, nickel, and uranium chlorides.^® Potassium 
chloride forma a double compound, KCIJCI3, with iodine trichloride ; double 
chlorides of cscsium or rubidium with arsenic, antimony, and bismuth chlorides ; 
and of cassium chloride with stannous chloride are known ; and F. Kudorff 
claimed to have made KOI.2AS2O3 and KCI.AS2O3 by the action of potassium 
chloride and arsenite. 

Eubidium and caesium chlorides readily form polyhalides with the halogens. 
H. L. Wells and II. L. Wheeler showed the existence of four scricKS of chlorohalidcs, 
the one series is typified by cjcsium chlorodiiodide, tJsT2(.'l ; and by ctesiiim chloro- 
dibromide, CsBr2Cl, which is formed as a dcjise yellow precipitate when bromine 
is added to a cone. soln. of cjcsium chloride ; another series is typified ])y caesium 
dichlorobromide, CsBrCl2 ; or caesium dichloroiodide, CSICI2 ; a third by ca3sium 
chlorobromiodidc, CslBrCl ; and a fourth by csesium tetrachloroiodide, CSICI4 — 
the lithium and sodium analogies of the latter are alone liydratcd. The iodide 
series is described in connection with the ])olyiodidcs, the bromide series in 
conneetion with the polybroniides. 

Molecular weights. — The composition of the alkali chlorides lias been established 
by analyses. These salts contain alkali, E, and chlorine, (1, in the profiortion 1 : 1. 
Consequently, tlie mol. formulae are represented by I^nCIn- The diflicult volatility 
of sodium chloride — contrasted with say mercuric chloride — suggests a complex 
molecule. W. Nernst ^8 found the vapour density of both sodium and potassium 
chlorides, at 2(K)0'", corresponded with the respective formula NaCl and KCI for the 
vapours of these salts. L. Riigheimer found that the eftect of sodium chloride on 
the b.p. of bismuth trichloride corresponded with the simjilo formula NaCl : and 
E. Beckmatm obtained a similar result from the effect of sodium, potassium, 
rubidium, and eoosiiiin chlorides on the f.p. of mercuric chloride. 
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§ 16. Ammonium Chloride 

In 1705, L. Lemery ^ first showed that ammonium chloride exists among the 
products derived from volcanoes, where he found it admixed with sodium chloride, 
and this fact was verified by F. Seras in 1737, and by F. de Bonderoy in 1765. Am- 
monium chloride occurs as a sublimate mixed with other volatile matters in cavities 
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in the neighbourhood of volcanoes and in crevices in volcanic lava—c.^r. at 
Vesuvius, Stroniboli, Hecia, the Sandwich Islands, etc. It has been also found iu 
the vicinity of ignited coal seams— at St. Etienne, Aveyron, Newcastle-on-lyn.*, 
Bradley (Stalls), Hurlel (Renfrewshire), West Wemyss (Fife), Arniston (Midlothian), 
Buebaria, Kilauea (Hawaii), Waldeuburg, Kattowitz, and at Duttweiler (Prussia). 
It has been reported in guano from the Chincha Islands ; in natural salt ; ^ in 
mother liquor of some brine springs — e.g. Halle — and W. Diehl found about 0 0 1 
])er cent, of ammonium chloride in carnallite from Stassfurt. It has also l>ecn 
found in small quantities in the secretions and exudations of animals — e.g, j.h(i 
urine of the camel. 

Ammonium chloride is formed during the mixing of equal volumes of ammonia 
and hydrogen chloride gases. When the two gases meet a white cloud of ammonium 
chloride aj)pears, but not, say il. von Helmholtz and F. Rbjharz,^ if the gases f)e 
])reviously dried. 11 . B. Baker showed that combination does not occur if the gases 
be thoroughly dried, and that a minute quantity of water is necessary for the reaction. 
If the dried mixed gases be confined in a vessel fitted with platinum plates with 
opposite electrical charges, the two gases are separated — tlic ammonia collects 
about the negatively charged plate, and the hydrogen chloride at the other electrode. 
The action is not electrolytic since no discharge occurs. 

Ammonium chloride is also formed by the action of hydrochloric acid on a 
soln. of ammonia or ammonium carlmnate ; J. U. Ocntelc ^ made it by tlie double 
decomposition of ammonium bicarbonate and sodium, magnesium, calcium, and 
other chlorides ; H. J. E. Hennebuttc and E. Mesnard, and A. Dubose and iM. Jicuzey, 
made it by the action of ammonium ]}icarbonate or sulphate on the double chloride 
of iron and calcium ; ajid it is made by the action of soln. of ammemium sulphate 
and sodium chloride ; when f lu? soln. is cone, the crystals of sodium sulphate sejjarate 
out and they are removed by suitable shovels ; the cone. soln. of aminoniuni chloride 
which remains is ])urified by crystallization. Ammonium chloride can also be o))taine<l 
by sublimation from a dry intimate mixture of the same two salts. A. French 
made it by the joint action of air and steam on a mixture of salt, pyrites, and carlam 
or organic matter : 2NaCl-|-Illo()4-S02+0+N2=2ISlH4Cl f-NaoS< >4+602. 

Ammonium chloride lias been observed as a product of many reactions 
f.g, the thermal decom])osition of ammonium perchlorate, hydroxy lainiue hydro- 
chloride, or hydrazine dihydrochloride, N2H6FI2 J action of hydrogen chloihh? 
on anhydrous azoimide : 5N3H -flKJl -N H4CI4 4^0 ; the action of ammonia on 
chloramine : SNIIoPH ^NH^^^Nl^Cld-N.^ ; etc. J. l{as(dien and J. Brock ^ 
patented a process in which uitrosyl chloride, N 0 ( 4 , mixed witli hydi-ogcii is passed 
over heated platinized asb(‘stos : N ()(44 ^Ho-- N lf4Cl l HoU. Various proposals 
have been made to reciAcr the aiuinonium chloride formed in the ammonia-soda 
process when NaCl -l'(NH4)J [COg— NalK/O^ 

Ammonium chloride was formerly obtained in Egypt as a product of the com- 
bustkin of camels' dung, which always contaia.s some sodium chlriride ; the ammonium 
chloride was isolated as a sublimate from the soot. In India dung was mixed with 
salt and similarly treated. Other nitrogenous products can l)e treated in a simihu* 
way. The aq. liquids which collect during the distillation of nitrogenous organic 
substances, which contain chlorides, also contain ammonium chloride in soln. 
with other ammoniacal products. For examjile, the ammonia liquor of gasworks, 
coke-oven plants, sliale works, and blast furnaces is a soln. of anunonia together 
with a great many salts of ammonium— c.//. amiiKjnium carbonate, sulphide, sulphate, 
cyanide, etc. — and if the coal contains sodium chloride — salty coal — ^the gas liquor 
is almost certain to contain some ammonium chloride. In any case, if the amrno- 
Jiiacal liquor be neutralized with hydrochloric acid, the ammonium salts arc in a 
great measure converted into an impure ammonium chloride. M. Adler ’ converted 
the ammonium salts in the liquoj* into the chloride by treatment with calcium 
chloride ; A. Wiilfing used ferrous chloride. 

It is also practicable to drive off tlie ammonia from the ammoniacal liquor 
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l>v^ treatment with milk of lime, and to pass the evolved ammonia into a vessel 
(tailed a saturator containing hydrochloric acid, cooled by water. If the acid is 
more cone, than corresponds with a sp. gr. 1*1, it loses some hydrogen chloride 
when hot. The saturator is made of stoneware or some resistant material since hot 
liydrochloric acid attac.ks lead. The licpiid in the saturator contains about 25 per 
cent, of ammonium chloride, and it is ])um[)ed into a large wooden tank lined with 
lead. A coil of lead pipe heated by steam is immersed in the liquid until a Him 
of crystals forms on the surface. 'I'he liquid is then docantecl to a leaden vessel, 
where it is allowed to crystallize ; the crystals are removed, and the liquid run back 
to the evaporator along with some fresh solii. The soln. of ammonium chloride is 
not allowed to come in contact with iron, for <luring eva{>oration some ammonia 
is lost, and tlie acid liquid attacks iron. The ammonium salts can also be converted 
into the sulphate by treatment with sulphuric acid,** and subse(]Uontly the sulphate 
converted into chloride, as indicated above. Ammonium chloride is also made by 
neutralizing with ammonia the s])eut pickling liquor from galvanizcHl iron works 
which contains a large f)ro|)orti()n of ferrous chloride ; or by treating with ammonium 
carbonate, or a mixture of ammonia ajid carbon dioxide, the soln. of calcium chloride 
obtained as a by“j)rodiict in the ammonia-soda process. On evaporation, crystals 
of ammonium cliloride are obtained after removing the precipitated ferric hydroxide, 
in tJie former case, and the calcium carbonate in the latter case. 

The punfleation of ammonium chloride.— Crude sal atnmoniac is usually 
coutaminated with iron or tarry matters, and in coTisctjuenco, the colour varies 
Ji'ojii yellow to rod; it can be purified by heating it in thin layers on an iron 
]datc hot enough to drive off the water and free acid, and to carbonize most of the 
tarry products. The grey ma.ss is then sublimed. The sublimation is conducted 
in cast-iron jiots lined internally wuth firebricks, and covered with a lid made of 
slightly concave j)lates. The salt to be sublimed is well dried, and heated. The 
p(jts hold about half a ton, and th<i su])limation occui)ies about five days. The 
sul)limate forms a solid fibrous crust about 4 inches thick. The crust Ls easily 
detached from tJie lid ; it is then brok<‘.n up, se})aratcd from adhering dirt, and packed 
lor the market in barrels or sacks. W. Ilempel ^ proposed convertijig tlic crystalline 
salt into hard stone-like masses by press, between 50® and 100®. 

In order to fix the iron and prevent its volatilization as (ddoride, F. C. Calvert 
recommended mixing tJje product before sublimation with acid calcium phosphate 
(U* ammonium ])lu)sphate, and M. Adler recommended suj^erphosphate. I.iecrystal- 
lization after treatment ef the soln. with animal charcoal has also been recom- 
mended. The iren is also said to be removed by treating the soln. with a little 
chlorine (/iqt an (excess), then with ammonia., and tinally crystallizing the filtered 
soln. Ill Jus work on at. wt., J. H. Stas purified ammonium chloride as billows : 

J on litres of a boiling sat. soln. of sal amnion iac is treated with a of nitric acid of 
sp. gr. I and ke^it boiling as long as any chlorine is givi'ii off. The salt which separates 
lioJii tho liquid on cooling is dissolved in boiling winter, and again boiled with rt\,th of its 
volume of nitric acid so long as chlorine is evolved. The liquid is diluted witli water until 
no ammonium chloride separates on cooling, and wanned with milk of lime. The umir.onia 
which IS evolved is w’ashod \vith water, and absorbed in a vessel containing water. I'he 
a(jua ammonia so jiroducod is nearly sat. with hydrogen chloride. The ammonium chloride 
Which separatees from the li(|uid, after cone, and cooling is dried at 100° in a stream of 
ammonia gas, and sublimed at the lowest possible temp, into a glass ^lloon tilled to the 
nec c with dry ammonia gas. The chloride volatilizes without the least sign of earhon- 
iza ioiy It tlie balloon is made of ordinary glass, the sublimate contains t»’aces of sodium 
chloride, and calciuin chloride, etc., dorivcci from the glass. To eliminate those impurities, 
ho salt is again sublimed in on atm. of ammonia gas, at as low a temp, as possibl(‘, using 
vessels of verre dur hard glass — wrhich resists attack by the vapour of ammonium clilorido 
at tho ternp. of sublimation. Finally, in order to drive off the condensed ammonia, the 
subimyid salt is heated in the vessel in which tho sublimate was collected, up to the temp, 
at which It gives off vapour. 

The properties of ammonium chloride. — According to P. Groth, “ thesynunetry 
of the crystals of ammonium chloride is the same as that of potassium chloride. 
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AuiiuoiiiuTn fhloridt^ docs not belong to the isomorplioua group ; KCI, 

CsCl, blit is isodiniorjdious therewith/’ Anunonium cliloride crystallizes in euhi.*, 
octahedrons, and trapezohcdrona belonging to the cubic systiun. A([. soln. -iv,' 
minute traiK'zoidal crystals which collect togetlier, forming feathery masses; Im.i 
well-defined cubes are obtained from soln. containing a small quantity of niangjnn.,i 
chloride (F. Rasehig),'^^ chromic chloride (J. VV. Retgers), ferric chloride (K. KrirU 
meycr), and chromoiis, cadmium, nickelous, cobaltons, or ferrous ehlori(h's ; 
ammonium sulphate or molybdate ; or urea (J. W. Retgcrs) ; octahedral cr 3 'st;ih 
with aluminium chloride (»l. W. Regters), etc. Aectirding to .1. W, Ketgers, some 
of the chloride is also adsorbed by the ammonium chloride. M. io Blanc, aisl 
r. Rohland obtained crystalline plates from soln. containing a little ammonium 
carbonate. If the vapour be condensed on a hot glass plate it forms small cahic 
crystals, and this is the form in which natural sal ammoniac occurs. I'he ordimirv 
sublimed salt has been partially fused, and appears as a translucent mass of 
fibrous crystals, very dilficiilt to pulverize. The ]>ulverulent form is best obtnined 
by the evaporation of a soln. to dryness with constant stirring. According to 
J. S. Stas, and B, Gossner, a se(X)nd modification is formed when 'the vapour is 
rapidly cooled in vacuo. X-radiOgrainS of ammonium chloride by G. Bartlett and 
I. Langmuir show that the form stable at 20''' has a central c,ubic lattice with a. 
distance 3*851) XK)”*® cm. between like ions and 3*342x10" cm. between unlike 
ions ; while the form stable at 250'’ has a simple cubic lat tice wdth 4*620 X 10 cm. 
between like ions, and 3*266X10 cm. between unlike ions. 

The formation of mixed crystals of ammonium and pt>tas8ium chlorides was 
noted hy M. E. Chovreul,^* A. Knop, H. Kassow, and R. Krickmeyer. According 
to A. h\)ck, however, tlien* is l)ut a limited miscibility at 25''’ with a lacuna 
approximately between 18 and 07 mols. per cent, of amniouiiiin cldoride ; and lu‘ 
found that the scdiihility of the mixed er\ stals in water at 25" indicates the forma- 
tion of two solid phases, om^ below 18 and the other al)ove 07 rnols. per cent, of 
ammonium cliloridt* ; between these two limits the two j)liases are ]>resent "in the 
solid slate, and the sat. soln. has a constant composition. Idiis is showm hy the 
horizontal portion of the curve, Fig. 28. Th<? regions where mixed crystals are 
formed are represented b}^ the steep portions of the curve. By comparing this 
diagram with that fur ciesiuni and mercuric chlorides, it will be observed there is 
no sign of the formation of a double salt of the two chlorides at 25 ' ; nor couUl 
R, Krickmeyer detect any signs of mixed crystals of sodium and ammonium 
chlorides, although B. Gossner obtained a very limited miscibility with mixtures 
of ammonium chloride and iodide. Ammonium chloride behaves to other 
chlorides very like the alkali chlorides; as a rule, the nearer two chlorkh's 
are in general properties, the simpler is the binary system formed between 
them. 

According to R. C. Wallace,^- there is a marked change in the heat effect 
of anunonium chloride at 15i) \ and under the microscope, there is a change in 
the crystals at this temp, although they still remain optically isotropic, and on 
cooling the (crystals show an appreciable contraction at this temp. R. C. Wallace 
believes that the more higJil)^ polyjuerized a-form, stable at ordinary temp., is 
not isomorphoiis \vith the potassium halides and ammonium iodide, but the less 
polymerized /i-form, stable at tlie higher temp., is isomorphoiis witli this scries. 
E. E, C. Scheffer found the cooling curve wfith ammonium chloride to show that the 
transformatiou lags and a[)pears considerably below the true transition temp., but 
in the ]ireR(*nc,e of mannitol or glycerol, which act as catalysts, better results are 
obtained, and he finds that Wallace's result is too low, for the transition temp, 
is 181*5" ; he obtained a similar result from his measurements of the solubility of 
the salt in water. 1’he solubility curves of the tw'o forms intersect at tills temp. 
K. llachmeistcr gave 174'^ for the transition temp. ; and l\ W. Bridgman gave 
184*3^’, and found that the effect of press, on this constant is as indicated in hig, 
27 and Table XXII. 
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Table XXII. — The Transition Tempbratxtre of Ammonium Chloride. 


Press. 

Transition temp. 

Olianeo of vol. c.c. | 
l)er gram. 1 

1 

Latent heat kgrm. 
cals, per grm. 

1 

184-3'" 

0 0985 

6*98 

100 

190-«“ 

0*1087 

7*74 

200 

197-8'' 

01 160 

7*73 

300 

205-0° 

0*1212 

7*88 


The )>ublished numbers for the specific gravity of animonium chloride range 
from 1*45 to 1*55 ; tlie best values range from I’aSl to 1*533 at about 4^, and 
1*5256 (2074'") may be taken us the best representative value for the sp. gr., and 
35*1 for the mol. vol. According to K. Kraut, ammonium chloride lost 48*9 per 
cent, by volatilization when heated eleven to twelve days on the water-bath. It 
volatilizes rapidly without fusion at a red heat. According to J. S. Stas, ammonium 
chloride forms a colourless transparent glassy crust \vhon sublimed in a stream of 
ammonia, but, \vhcn sublimed in vacuo, at as low' a temp, as possible, it forms a 
less compact translucent mass, whicli refracts light strongly, and has a different 
sj). gr. from the glassy variety. W. Biltz has studied the mol. vol. 

A. Bineau (1838) found that the vapour of ammonium chloride has but half 



Fig. 27.- --Fffect of Prc’ssure on 
the Transition Tofn|HU*aturo 
of Arnmoiiiuiii (Jhloiide. 



Fio. 28. — Solubility Curve 
of Binary Mixtures of 
Arninonium and Potas- 
sium Chlorides. 


the density whicl) is r(‘((uired on the assumption that the va])our consists of molecules 
of ammonium chloride, NII4CI ; it is 29’04 at 350'^, and 28*75 at 1040'^ — the theo* 
rctical value for the molecule is 53*5. In 1846, A. Bineau also showed that the 
vapour density of sulpliuric acid, 112804, at 498"^ is likewise incompatible with 
Avogadro’s hy])othesis if the molecules of the gas have the composition H2SO4. 
lie further show^cd that if the molecules be suiiposedto be broken dowm on heating : 
Nll/d - Nify-t H(1, and HoSO.^^ H2<1“1"803, the theoretical and observed vapour 
densities are nearly concordant. If the vapour of ammonium chloride be com]detely 
dissociated so that a mixture of equal volumes of ammonia and hydrogen (‘Jiloride is 
formed, the vapour density wall be 26*75, that is, half the value for NII4CI — f.c. I of 
(30*5417). Hence it is probable that the dissociation of the v’a pour of ammonium 
chloride is nearly complete, otherwise, the at. wt. of the elements involved must be 
altered — thus, wath NJIif ■!, instead of taking 35*5 for tlie at. wt. of chlorine, half this 
value mimt be employed, and instead of taking 14 for the at. wt. of nitrogen ^ of 
14, or 2*33, must be used. In the early days, these alternatives had to be considered 
before Avogadro's l)ypotljesis could be admitted ; accordingly, ('Andcnce tor and 
against the alternatives wavS accumulated, and new examples were dis(*overed of 
similar phenomena which were styled abnormal vapour densities* On the otlier 
hand, it did not seem likely tf priori that molecules of steam and sulphur trioxide, 
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or of ammonia and l.ydrogcn chlorido, could remain in oontaet without ehi in:, 
union, fhr these suhstan(!es unite with vigour at ordinary temp. , hut, as a niali 
of fact, at about 4tXt"’, there is no appreciable evolution of heat, and no other se.' 
of chejuical action when the two gases are mixed. 

The main evidence for or against the alternatives must of necessity ho mam 
physical, because any attempt to prove dissociation or otherwise which i.s l)aKi 
upon chemical ojierations is confronted with the objection that the coitipoutu 
under investigation is thereby decomposed by the chemical agents. L. von IVli .l 
(1862), K. von Than (1861), and others have devised experiments in wlii( li 
advantage is taken of the different rates of diffusion of the products of dissociation 
in order to separate them partially and jirevent re-combination on cooling. 

Tho following is typicnl of the more recent modifications of L. von iV'bal’s and 
Jv, von Than’s nYporiments to iJliLstrate tho dissociation of ammonhim chloride under ordinaiy 
conditions by taking advantage of tlio difforcnco in the speeds of diffusion of tlio two 
ammonia and hydrogen chloride-- -at molysis. Place a little animoniiiin chloride netn* 
middle inside a piece of hard glass tube supportecl at an angle of about 30', and a Jilth' 
lower down tlio tube ]>Jaco a piece of blue litmus j^ai^er. i*luco a loose plug of asbestos 
a little above the salt, anti then a pieeti of red lilnius ])nper. Heat' the ammonium ehlta idc. 
The ammonia, being a lighter gas. diffuses more quickly than tho hydrogen chloridi'. Con- 
seqiienlJy, wlien the ammonium chloritlo is heated the blue litmus will be rt'ddcMied by Ihr 
excess of slow diffusing hydrogen chloride in the lower part of tlie lube ; and tho red lilmn.x 
will bo blued by the ammonia which passes to lh(» ujiper part of tho tnl )0 before the hytlro- 
gen chloride. 

H. St. C. Doville (18()3) found that when the two gases are miAod at 3o0', tin* 
temp, rivses to .Sit") ’, showing that ])ru])ably some eomhiniition occurs. ,1. A. Wanklyii 
(18f)5) estimated from the observed vapour derisity. 2b'(H at 330 , tJiat about 17 
])er cent, of the gases unite to form amuionium chloride. J. (). de Maritime 
(1808) noticed that the heat absorbed in the snblimafion of a.mmonium r.hl(»rid(' 
is miicli greater than that usually observed with oth(U‘ substances, and is alinosi 
e<j. to the lieat of decomposition of flic‘ salt in (juostion. ami henc(* concludes: 
“It is v<Ty prol^able tliat sal ammoniac — in great ])art at least- is d('cnmposi‘d 
on volatilization."’ 

'J’he vapour pressure of ammonium cJiloride has been determined by A. Horsi- 
inann, W. Ramsay and S. Young, etc. i'he following results ]>y A. Smilii and 
A. W. ( !. Menzies apju'oximate nearest tiic mean of tlii‘ ot ln‘r values : 

Temp. . . . 280"' 290'" 300" 310 320^ 330*" 333 0’ 

Vap. press, . . 138 189 202 330 147 587 <M2 mm. 

Similar remarks apply to tlic^ dissuc iat ion [u-ess. ealeulated fnmi the measurenu'nts 
r)I A. Smith and It. P. Calvert : 


Temp. . , . . 

251)” 

280‘" 

310" 

3:10” 

337-8” 345“ 

350'' 

I )i.s3. press. 

49 -.5 

J3.V0 

34 1 '3 

GIO-O 

700-0 927-0 

1063-0 imn. 

and tilie formula log / 

» v^2^yp,rui'i 

’-[-9 *7 78609 log 

T --2] -21708 

gives re.sult.^ 


in close accord with tlie observed values of ammonium eliloride. lAu* tetraanetlivl 
ammonium chloridf*, ^7 190% the dissociation press, is 120 mm. ; at 220% 

399 mm. ; at 233*3’, TOO mm.; and generally, log -23019*7/2’ ] 132*316 log 
P-401-3121. . ^ i 

A. Smith and K. JF. Lombard have pointed out that most of the methods of 
determining vapour de!isities—fv/. V. -Meyer’s method, J. P. A. Dumas’ inethod-- 
are useful in diTecling qualitatively the existence of dis.soeiation, but do not show'' 
the extent of dissociation when the vaj)ours are sat. since tin' vapour densities of 
the unsaturated vapours are alone measured, and tlie system therefore behaves as 
if under reducin] ])ress., a condition which favours dissociation. A. Smith and 
K. H. Lcunbard s measurements of tlie Vci]iour densities of sat. ammonium cldoride, 
enable the «^\fcnt of the dissociation to he calcailated at different temp. Let fJ^ 
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represent the vapour density of this salt in mols. per litre if the vapour were undis- 
sociated, consequently I>o="^=273P/33*4x760r ; also let D denote the observed 
vapour density ; then the degree of dissociation a in the process NH 4 Clgas^NH 34 -HCl 
is a=(Z>()— />)//>. The results are : 

Table XXIII. 



Vapour density observed. 


( 

Percentage 
j dissociation. 

Temp. 

1 

i i 

Mols. per 
litre. 

Press, mm. 


1 Orms. per c.c. 1 



290® 

: 169 

316 

1 185'3 

; 67*1 

300® 

! 230 ' 

430 

1 252-5 

64*2 

310® 

307 

573 

1 341*3 

! 63*8 

320® 

40C 

759 

458*1 

63*3 

330® 

1 531 

993 1 

1 808*2 

63*6 


The degree of dissociation with rise of ten\p. appears to he anomalous ; but the 
decrease is due to the fact that the press, is not constant but rapidly increases as 
the tornf). rises. If the ])ress. were constant at 185*3 nun,, the degree of dissociation 
would increase from 6G to 82 per cent. In the usual calculations of heats of dis- 
sociation, and latent heats of vaporization, it is usually assumed that the dissociation 
of ammonium chloride is com])lete, whereas actually the dissociation is between 
07 and 03 per cent, between 280'^ and 330'^ 

According to H. B. Baker is (1894), if the vapour density of ammonium chloride 
1)0 determined in a vessel of hard glass with a tliorouglily dried sample of anuiioinum 
chloride, the number is quite normal, namely, 53*4. Tliis shows that the dry salt 
docs not dissociate quickly enougli to affect the determination. A. Ladenburg 
(1900) refers to a statement by M. Faraday tliat thoroughly dried calcium carbonate 
is not decomposed even at high tern]), under conditions where in the presence of 
moisture decomposition begins at once. Tluj statement has been questioned. 
Obviously, the moisture acts as a catalytici agent which accelerates not only the 
dissociation, but also the formation of ammonium chloride from ammonia and 
h 3 ’^drogen chloride. This puzzling phenomenon seems to be in direct contradiction 
with the theory of mass action if the dried and undried forms respectively give 
undissociated and dissociated vapour in e<(uilibrium with the solid at the same 
tern]), and press. K. Abegg (1908) drew attention to the (uirious feature of this 
reaction in that the partial press, of the undissociated ainmoJiium chloride in 
equilibrium with the dried solid is practically the total press. ; while in presence 
of the catalyst, the equilibrium is so displaced that the partial press, of tlie undis- 
sociated salt is very small ; and he suggested that the heat of formation of gaseous 
undissociated ammonium chloride, NH^Fl, might be just equal to the heat of 
dissociation of gaseous NH^Fl into Nll^ [ llCl. K, Wegsclicider (1909) thinks 
that the solid is in different polymorphic state.s in the two cases, and that the 
a-form is changed into the jS-form under the influence of water vapour, while the 
transformation is suspended in the dried sample ; and that the high vap. press, 
of the ammoniun\ chloride molecules from the undried a-form, is identical with the 
vap. press, of NILj I lirfl molecules from the dried form stable at 360*^. It is also 
possible that one form lias a greater internal press, than the other, and tJiat this is 
brought about by the alteration of the surface conditions of one of the forjns under 
the influence of water va]:)our. A similar phenomenon is shown by dried and 
undried calomel, and A. Smith (1910) has pointed out that both U. Abegg’s and 
B.. Wegsoheidcr's “ explanations depend upon coincidences which could not occur 
in precisely the same way with different substances unless the coincidences are due 
to some as yet unrecognized general relation, and not to accident.*' 

Jn accord ’w ith R. Wegseheider's suggestion, tJio anomalx'^ with the a- and ^-forms 
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of ammonium chloride may be due to ordinary a-NHiCl being a labile form 
changes to o'-NHiCl at a' higher temp, in the presence of moisture, and it j . 
transition a - to which occurs at 184T>°, while dry a-NH 4 CI do. ,-, 

change; l)ut the ussumptions that the transformation at 184’5“ only of.(;u,,: 
the presence of moisture are untenable, because the work of F. E. C. Sch(dTcr, ukI 
of A. Smith and co-workers, shows that the transformation occurs at this i. nij, 
with both the dry and undried salts ; nor is there any evidence of any other ( r,, ns. 
formation. K. Wegseheider also postulated that jiossibly a-NH^CI is stable and is 
transformed at ISI'b® into j3-NH4Cl, but that sometimes a labile a'-fonn is jirodm id 
in the preparation of the salt, and it is this form which evajiorates without dissoi in- 
tion. There is yet no evidence of the existence of the assumed a'-NH 4 Cl. 

According to H. Fizeau,!* the linear coefficient of thermal expansion (d <iio 
crystals is 0000062546 at 40°. H. Kopp gives 0'378 for the specific heat of lli<> 
solid between 15“ and 45° ; and F. Neumann, 0'391, between 23° and 1(0°. Tlic. 
sp. ht. of soln. of this salt determined by J. (I G. de Marignac between 20° and .‘(J 
for sola, of two mobs, of the salt in .50. 1(0, and 200 mols. of water, arc resiiectii clv 
0'8850, 0'9382, and 0’9670. (t. T. (lerJach showed that if lO and 20 (ler 
soln. have unit volume at 0°, their volumes are resjicctivelv I IXOS and 1(X)72 ut 
25° ; 1-()153 and 1-()163 at 50° ; 1 0279 and 1 029 at 75° ; and 1-04205 and 1 -01210 
at 100°. 


The latent heat of vaporization of ammonium (thloride has been determim'd 
experimentally by J. C. 0. de Marignac at atm. press, at 33 0 and 43-8 Cals, 
per mol. ; this constant has also been <ialciilated from vap. pi-ess. data In- 
A. Horstmann and F. M. («. Jolin.son using (.lausius and (.’lajx'vron’s e<|iiatioM 
l—Td}j/dT(v^~-V 2 ). lu un case is the evidetice that (lie vapour hurl assumed the 
equilibrium conditions .satisfactory, and A. Smith and R. H. Lombard also .•ippiv 
(.IJausius and Clapoyron’s equation to the measnrcnicnts of A. .Smith and R. V. Calvert 
of the sat. vap. pre.ss. of amnioriimn cblorid«‘. 3'ln> v.alue of dp/r/T was' calculated 
from their yap. press, equation log p- -. • o/T ■]-!> log 2'.| ; the volume of the solid 

i ’2 IS negligibly small, and that of the vapour is equal to the reciprocal of tJie mol 

vapour dcmity 1/D. Substituting these values in Clausius and Glapevron’s equation 
twere ivsults ; i - i 


Latont Imai of 


vaporization —T-^( ^ ^ 


tI;: tt: ‘iiTrt.; ,th t- TTr "t **’ ■ 

L’ \T r' 1 ,1 i-o -w r cals. In A. Jlortsmann, and 37 8 Cals bv 

OTmoniiim ohlorido i. hoakd o'^^i'"‘wat™:La I,'' (TBirtlT!'? ’'''Tt'r'KT'” 
in vacuo to be 245°. “ " ^ound the boilmg pomt 

an n tL ! I - • «)- a denotes the degree of dissociation 

O-OllO (33(J°);‘^ give A.^0 (K)432 (290°), () (X)644 (310°), and 

values are rc.spcctivcly ()(X)4()7 () 

calculated from J If ^ * y OlOb. The heat of dissociation 

relation T- Gy^i.roer na.I T 

The constants A anS (?'L | ^ ,’X.ttd'^ 

taneou.s equations with observed vi hies of Vaml'r 

A. .Smith and R 14 .ri j-i graphic interpolation, 

accorclingirth. heat of ^ *.btam /L-.-]28(X), and V.-=.0-(K)9k and. 

Hence the h* t ■ibsorb?!l ^1^ ^ T --128(X)-. 0'(X)967T2 cals, per mol. 

, ttif Ik at absorbed during dissociation increases as the temp. increLs, and 
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the mol. lit. of the vapour of ammonium chloride is less than the sum of the mol. 
hts, of the products of dissociation. P. E. G. Scheffer gave 519*7° or 520° for the 
melting point of ammonium chloride. 

According to M. Berthelot,^^ the heat of formation of ammonium chloride 
from its elements Cl t-4n+N™76*7 Cals., and, according to J. TJiomsen, 75*79 Cals. 
While the heat of formation Cals. (A, Raabe), 

41*91 Cals. (J. Thomsen). F. E. C. Scheffer Cvstimated. the heat of transformation 
from the a-form to the jS-form to he —1030 cals., but R. Wegsch eider calculated a 
value four times as large as this one. The heat of neutralization, NH^+nCb in 
aq. soln. is 12*27 Cals, according to J. Thomsen, and 13*536 (^als. according to 
P. A. Favre and ,J. T. Silbermann ; according to ¥, Kiidorff, the soln. of 30 parts 
of salt in 100 j)arts of water lowers the temp, from 13*3° to — 5*1°. The heat of 
solution is —3*88 Cals. According to J. H. Long, the soln. of a mol. of the salt in 
150 inols. of solvents is attended by the absorption of — 4*0 Cals, at 10° ; and w'ith 
2<K) inols. of the salt, —3*9 Cals. If a soln. of 2 mols. of ammonium chloride in 
20 mols. of water lie diluted with 7 i mols. of water, the thermal value of the reaction 
is n-^no, -0-174 Cal.; — 0 242 Cal. ; n-=200, —0*258 Cal. ; 

— 0*258 (Vxl. F. R. Pratt has studied the heats of dilution of soln. of ammonium 
chloride ; and P]. F. von Stackelbcrg gives for the heat of soln. Q of 7i mols. of 
ammonium chloride in 1(X) mols. of w^ater, 3930- 33n — 0*fin‘^ cals. 

The solubility of ammonium chloride in water, ^3 in grams of salt per 100 grms. 
of soln. : 

— 15’ 0" ‘JO® 40® 00® 8(1* 100® U.'i* 

Grms. N.II4CI . 19*7 22*7 27*1 31*4 35*6 35*6 43*G 46*6 

The cryohydric iriixture contains between 22*0 (L. C. de C-oppet) and 24*2 
(P. A. Moerburg) grms. of salt })er 100 grms. of water, and the cryohydric 
or eutec'tic temp, is between -“*15*8° and — 16°. K. C. Scheffer found the 

solulnlity of the modification of ammonium sulphate, stable below 184*5° to 
be -log -1:4 64*5/7’ — 0*5400; and of the form stable at higher temp. 

- log '327*8/7’— 0*2412, wlicre S denotes the number of mols. of the salt in a 
mol. of the sat. soln. R. P\ von Stackelbcrg 25 found the solubility between 18*5° 
and 19° to be dc[)resscd 272 mgrins. and 258 mgrms. per gram of soln. on raising the 
])ress. from 0 to 500 atm., i.r, about 2*8 mgrms. per loO atm. 

The .solubility of ammonium chloride 25 depressed by the addition of chloride 
ions cither as hydrochloric aeid or as sodium chloride, or as ammonium carbonate, 
P’or hydrocldoric acid, R. Phigel found at 0°, witli water alone 24*61 grms. of ammo- 
nium (diloridc per 100 grms. of soln.; with 1*05 grms, IK’l, 23*16 grms. NH4CI ; 
with 7*74 grms. IK.l, 14*54 grms. NH4CI ; and with 22*07 grms. HCl, 4*67 grms. of 
NlLCl ]>(T KX) grins, of soln. With a»nmorna, the lowering of the solubility is 
small since only a relatively small })roportion of the ammonia in soln. forma 
NIL-ions, and amniino-eoiiipounds are likewise formed in the soln. R. Engel 27 
found that for 100 grms. of soln. : 

NJf^Otl . . 0 02 2*05 9*30 13*66 15'36 16-20 22 18 28 07 

NPT^Cl . . 24*52 24-35 23*35 23*09 23*56 23*75 26*63 32*14 

Tlie increase in the solubility e(jrrespoiids with the formatiou of ammino-com])ounds. 
Some of these were prepared by L. Troost by the action of dry ammonia on <lry 
aininoniiim (diloride at a low temp. Thus, ammonium triamniino-chloride, 
NH4CI.3NH3, forms double refracting crystals which melt at 7°. J. Ktmdall and 
d. G. Davidson studied the f.p, curves of mixtures of anmionia and ainnionium 
chloride, and isolated the triammino-salt, m.p. 10*7° ; no evidence of an hexam.niino- 
salt was observed. The dissoeiatiem press, of NlLOl.oNlh^ ~NH4Gl+3iVil3 at -36° 
is 140 mm. ; and --20°, *310 mm. ; at 6°, 730 mm. ; at ()"\ 1035 mm. ; at 6 ', 
1480 mm. ; and at 8*0°, 18CK) mm. Ammonium hexammino-chloride, I.6NH3, 
melts at 18°, and it is easily nndercooled. The dissociation press., NPl/d.ONHj 
--NII4GI.3ISI R3 1 3NH3, at —36° is 580 mm. ; at —31*1^ 750 mm. ; at - 27 ’,805 mm, ; 
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and at -—21°, 1130 mm. Ammonium chloride dissolves in liquid ammonia 
about —33° somewhat copiously, and the conductivity of dil. soln. i.s gn-ajcr 
than aq. solji., and that of cone. soln. less. This is explained by assuming the ionic 
mobilities are greater in liquid ammonia, while the ionizing power of wat. r is 
greater than licpiid ammonia. At a dilution t)=10(), the degree of dissociatinii /n 
liquid ammonia is 0-39 (-33°) ; and in water, ()-85 (18°). H. Moi.ssan found tlio 
electrolysi.s of soln. of ammonium chloride in liquid ammonia at — 01)° gave clilorlm: 
at the positive pole which at this temp, does not act on the ammonia ; hydrogen in 
given olf at the negative pole. 

F. Kiidoril 28 found that if both salts are present in the solid phase, 1 <)() gnus, 
of water dissolve 29'2 of NH 4 CI. and 174'0 of NH 4 NO 3 (19';) ) 26'8NJl4Ci atnl 
4 C-. 3 (N 1 L).,S 04 (21-.3°),- 338Nir4Cl and ll-fiBaCla (20°); 28-9Nlf4Cl and 
UVKCl (1.3'); SO-fNILCl and J91K0I (22°); 36-8NH4(d and l'riK 2 S 04 (11); 
JS’TNIfJ'l and ^3-9Na(U (18 7) ; G. Karsten found 39 2 NH 4 CI and 17'0Bu(NO;j) . 
(18-,r) ; 38-8NJf^CI and Si ^KNO^ (ll- 8 °) ; 39-8NH4C1 and 3S-6KNOs (18-5°) ; 
dT-ONILCl and 13 - 3 KoS 04 (18-7°) ; and G. J. Mulder, C 7 - 7 NH 4 C 1 and 21-9K(.:i 
Hi the h.i). 

Ill 18.31, G. Michel and F. Krafft showed that while the dissolution of most salts 
is attended by a contraction, with ammonium chloride, on the contrary, there is an 
expansion. According to W. Ostwald and M. Rogow, if a mol. of ammonium 
chloride of mol. wt. J/, be dissolved in (2()(J(3-il/) grams of water, at 20°, the volume 
increases 36‘8 c.c. ; J. Thomsen found an expansion of 38 c.c. by dissolving a mol. 
of this salt in 30-40 mols. of water ; and H. HchifE and U. Monsacchi found for the 
specific gravities and the exiiansion per 100 grms. ot soln. of ammonium 
chloride : 


i^*r cent. NH^Cl 

. .5 

10 

15 

20 

25 

8p. gr. at 19° 

. 1*0145 

1 •0203 

1 *0408 

1 *0579 

1071-t I-OSKi 

Expansion per 100 c.c. 

. U-1415 

1*444 

0*817 

1*220 

l-TiH 2 '381 


According to F, L. Flaigh, the s]), gr. of a iV-soln. at 20 /1' is 1*01 131. W. W. J. Ts'icol 
could find no contraction during the soln. of ammonium chloriflc in water. According 
to H. Sfdiiff and IT. Monsacclii,^^ tlie s]). gr. D of a soln. containing p jier cent, of 
ammonium chloride is /l::^l-f-0*0021)4pd 0 (MMKH)()S;/^-fO*00(XX)OJOp^ at 10". 
N. A. Tscliernay gives [(»r the volume v of soln. of nmrnuniuiii cldoridfj at 0^, 

XII4CI i-oOrisO, v--] +() ()474GO+O Or;3OOT02 ; XHid-j 2 r>IU), v;:-l+()'03l407fl 
+O’O53f)lO0-. The molecular volumes of fhe dissoU^ed chloride calculated 1)V 
J. Traulic from G. T, Gerlac.h’s sp. gr. determinations arc respect ively 3G‘0, 38*3, 
and .30’0 with 20, ami 23 per cent. soln. P. L. llaigh found a normal soln. of 
ammoniiiiu chloride expanded or contracted —310 c.c. per 10 litres from 20"' to0° ; 
--10-7 from 20° to 10' ; 28*0 from 20° to 30° ; (>2-8 from 20° to 10 ; and 103-3 
from 20" to 30°. 

M. Schumann found that IJkj compressibility of soln. of ammonium chloride, as 
re])rcscnted l>y llie decrease in millionths of the volume per atm., is, between one 
and two atm., 187 and 40*0 respectively with 5 and 20 per cent. soln. at 0°, and 
44-() and 38*3 resjicctiyely witli 3 and 20 jier cent. soln. at 13°. Unlike other salt 
soln., tlie compressibility decreases with rise of temp. M. Schumann found the 
eoin])rcssibility at 0° to be greater than that of pure water, but W. (/. Rdiitgen 
and J. Schneider could not confirm this. F. Rraun found the compressibility of 
a sat. soln. at 1’' to be 0'00t)038, \V. C. Rdntgen and 3. Hchneider give compressi- 

bilities of 0 bOl and 0*933 with soln. of a mol. of the salt resjiectively in 7(KJ and 1300 
mols. of water — vide ammonium iodide. 

Ihe viscosities of iV-, J A -, ^ and JiV-soln. at 23° are, according to A. Kanit/.^^ 
respectively 0*9881, 0*997G, 0*9990, and 0*9999; and F. JI. Getman found that 
the viscosities of soln. of ammonium chloride at 23° decrease from ()*(X)889 dynes 
])er cm. with 0*4137iV-soln. to a minimum 0*fX)878 with 2*2185iV-soln. and rise 
to 0 (X)92o for 4*1.37A^-soln. The sp. gr. of these soln. were respectively 1*0071, 
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1’0331, and 1*0630. The viscosity of a l‘62iV’-soln. falls from 0 0123 at 10® to 0 0081 
at 30®, and to 0*0(358 at 50®. At temp, exceeding 30®, J. W. lietgers found that 
the viscovsity of ainiiioniiim chloride soln. is greater than that of water at the same 
temp. With cone, soln., says R. Cohen, the increase in the viscosity of soln. of 
ammonium chloride is almost proportional to the percentage variation of press. 
According to (J. Forcli,-^**^ the surface tensions, or, of soln. of ammonium chloride 
with 4 *864, 2*432, and 0*584 mols. of the salt per litre are respectively 0*746, 0*367, 
0 (388 mgrin. per mm. and or/d/, 0*153, 0*1.51, and 0'15(). The coefficients Of diffusion 
of soln. with 8, 48, and 130 grms. of the salt per litre at 20® are respectively 
1*32, 1*37, and 1*33 grms. per cm. ]>er day. 

The vapour pressures of aq. soln. of ammonium chloride have been measured 
at different temp, and cone, by G. Tarnmann.^^ Eor one per cent, soln., F. M. Kaoult 
obtained a lowering of 0*0565x7*6 ; and J. Walker found u mol. of the salt in 100 
mols. of water lowered the vap. press. li)l). M. Allaiird found the boiling point of 
a sat. soln. of ammonium chloride to be 115*8® at 71*8 mm., and (i. T. Gerlach found 
that a soln. of 6*5 grjus. of salt per 1(K3 grms. of water boiled at 101® ; with 50*6 
grms. of salt, 1(313® ; and witli 87*1 grms. of salt at 114*8®. The freezing point of 
sat. soln. is — 15*8® ; the mol. lowering of the f.p. of the soln. with 0*0535 grin, of 
salt per 100 grms. of water is 3*1®, and with 5 (533 grms. of vsalt, 3*34®. L. C. de 
Co|)pet found tlie mol, lowering of the temp, of the maximum density of water to 
be J‘07~7*26, and this increases with the cone. The f.p. determinations show that 
ammonium chloride is very much ionized in aq.*soln. J. 71. van’t I Toff 's factor i 
is for 0*14iV-soln. at 11®, 1*82 by 11. de Vries’ plasmolytic method, and according 
to E. H. Loomis' cryoscopic measurements, 1*85. The mol. lowering of the f.p. 
rea(*lies a minimum Avitli increasing cone., and this increases. H. ('. .Jones and 
F. H. Getman attribute this result to tiie formation of hydrates. Similar remarks 
a])])ly to S. M. Johnston's measurements of t he raising of the b.]). of soln. of ammo- 
nium chloride. The results with an)moniiun chloride differ in degree but agree in 
kind with tliosc with tlie alkali chlorides. C. Briick investigated the hydrolysis of 
boiling soln. of ammonium chloride. 

The refractive index of the crystals of ammonium chloride for the jB-linc is 
1*6331; (Mine, I*(i3(i5 ; /Mine, 1*6428; TsMiiie, 1*6453; E-linc, 1*6532; and 
the (r-line, 1*6612. M. lo Blanc ami F. Boliland obtained for the //-line by 
rJ. Jl. Gladstone and T. V. Dale’s formula a refraction eq. of 22*97 (20®) ; and by 
11. A. Lorentz and L. Lorenz's formula, 12*92 (20®) ; and for 6*25 per cent, soln., 22*53 
by the first-named forjuula, 13*32 by the latter. For the dispersion constant of 
iV-soln. at 18®, (e^ — 0*035, where v denotes the difference in the refractive 
indices of water and soln. for the 7/^-, and Z>-lines. F. L. Haigh found the 
index of refraction of an iV-soln. of ammonium chloride to be 1*34311. The mol. 
dispersion of a cone. soln. for the //- and .4-lines is 1*52, W. H. Ferkin gives 
6*096 for the molecular magnetic rotation of a 27*08 per cent. soln. S. Procopiu 
studied the birefringence and dichroma tiam of the smoke of ammonium chloride in 
an electric (ield. O. Reinkober studied tlie reflexion spectrum of ammonium 
chloride for ultra-red rays. 

Although ammonia and hydrogen iJilorich*. show no conductivity by themselves 
at ordinary temp., dissociating ammonium chloride was found by A. de Ilemptinne 
to bo a fairly good conductor. This is also the case with ammonium bromide. 
The electrical conductivity A of soln. containing a mol. of ammonium chloride per 
V litres at 25®, rises from A- -127*4, when V---S2, to A -138*0, when ^j-^ 1024. Accord- 
ing to F. Kohlrausc'Ji and 0. Grotrian, the specific conductivity k at d® is 
/c™()-O61O(l~|-O’O2690-f 0*00006702) for 5 per cent, soln., and for 20 per cent, soln., 
/c ^-0*24(33(1 -l-<l O22O0 -f-O*(3O(K31302). The transport number of the cation, NH* 4 . 
is 0*487--O*490 at 0®, when ij-- 29*4 to 120; and at 30®, 0*494 -0*496, when 
t^~29*5 to 120. The ionization does not follow W. Ostwald's dilution law, but 
it does fit Riidol phi's modification. The computation of J. H. van't Hoff’s factor 
from the condu(*-tivity measurements agree well with the results obtained by the 
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f.p. method. The electrical decomposition potential ^2 of an iV'-soIn. with platinjpm 
electrodes at 20^ is TTO volts, about 0*3 volt smaller than that of potassium^or 
sodium chloride under similar conditions. H. Kolbe found that the electrolysis of 
cone, soln. with platinum electrodes gave neither oxygen at the anode nor hydrogej) 
at the cathode, but drops of nitrogen chloride were formed on the cathode. 
S. Lussana has studied the effect of press, on the electrical properties of ammoniuiu 
chloride. 

C, A. L. de Bruyn‘*3 found 100 grms. of absolute imthyl alcohol dissolved 3*35 grms. 
of ammonium chloride, and 98 per cent, methyl alcohol, 3*52 grms. G. (Carrara 
has measured the electrical conductivity of soln. in methyl alcohol. Similarly, 
(\ A. L. de Bru}'n 10C> grms. of absolute eihyl alcohol^ dissolve 0'62 grm. of 
ammonium chloride, and H. A. Bathrick found 8*3 per cent, ethyl alcohol dissolves 
35‘3 grms. of ammonium chloride ; 54*3 per cent, alcohol, 14*0 grms. ; 87*9 per cent, 
alcohol, 2’9 grins. A. Gerardin found 11*2 grms. of ammonium chloride dissolved 
in 100 grms. of ^15 per cent, alcohol at 4*^ ; 19‘4 grms. at 27"^ ; and 30*1 grms. at 50'^ 
W. Herz and M. Knoch found that a 10 per cent. soln. of acetone dissolved 28*59 per 
c^ent. ammonium chloride ; 40 per cent, acetone, 17*59 per (‘-ent., and 90 j)(‘r cent, 
acetone, 0*5 grm. of ammonium chloride, Soln. with between 46*5 and 85*7 ])(U* cent, 
acetone separate into two layers. They also found 100 per cent, ylyccrol dissolved 
12 23 per cent, of ammonium chloride ; 45*30 ^ler cent, glycerol, 23*20 per cent. ; and 
13*28 per cent, glycerol, 29*16 per cent. Ammonium chloride is soluble in licpiid 
formic acid, and the m.p. and electrical conductivity of these soln. wshow that this 
salt is ionized between 49 and 54 per cent, when the rone, is between 2*888 and 
0*362 mol. per litre. L. Kahlenberg and H. Schlundt have measured the con- 
ductivity of soln. of ammonium chloride in liquid hydroifen cyanide, F. L. Bhinn 
lias measured the conductivity of soln. in iihylwminc ; and, according to Z, Klcruen- 
siewirz, the dil. soln, in liquid antimony trichloride condiu t electricity better than 
aq. soln. L. Kahlenberg and F, C. Krauskoff find ammoniuni chloride to be insoluble 
in pyridine, but it is slightly soluble if water be present. M. St iirkgold found a litre 
of (thylarethane at 60'' dissolves 0*025 mol. of ammonium chloritle ; and 0*621 of 
ammonium iodide. 

Ammonium chloride loses ammonia when exposed to the atm., and then reddens 
l)luc litmus, but, according to J. B, Emmett, if it be heated to the point of sublima- 
t ion ami tlien dissolved in water tJie soln. reacts neutral. A soln. in warm water 
loses ammonia and reacts acid, and B. Fittig ^4 sliowed that on distillation, an 
excess of ammonia collects in the early fractions. The hydrolysis of ammonium 
(jhloride in aq. soln. : N 114 ( 1 + H 20 v^NH 40 Fl+H(n is followed by 
“I Jl^O. According to E. G. llili, the hydrolysis constant A" X in 
=:-KC\\H 4 (n ranges from () ()06r) for A"'Sf)ln. to 0*(K;)684 for ^A^-soln. A. Naumaiin 
and A. Klic.ker measured the ratio of the ammonia in the distillate to that in the 
distilled soln., and estimated the degrees of hydrolysis in 4iV- and 2iV-soln. at the 
b.p. to be lesjiectively I 1)8 and 3*0 per cent, 1). Vitali obtained no free kxline 
Avhen ])ota.ssiuiii iodide and iodate are heated alone, Imt in the j)resence of ammonium 
chloride, the free acid liberates iodine and ammonia. Similarly, with bromides 
and bromates, aaid with clilorides and chlorates. S. E. Moody found that under 
tJiese conditions the hydrolysis jiiogrcssed to cumj)letion, and that the chloride 
hydrolyzes more easily tlian the suljduite. 

A. R. Leeds reported tliat a soln. of ammonium chloride forms white Hecks on 
standing a cou])lc o 1 y<‘ars, but it is not clear whether this was not caused by the 
action of the soln. on the. glass. Boln. of ammonium chloride, says G. Gore, are 
deconiposed in contact with finely divided silica. A. Bincau (1838), J. S. Stas 
(I 860 ), and II. B. Baker (1891) have reported that vessels made of soft, but not 
hard, glass art* etf hed by tlie vapour of ammonium chloride, and F. W. Clarke has 
found that ammonium <‘liloride. exerts a marked a,ction on silicates at about 350'^ ; 
this also is exemplified by J. L. Smith’s process for the determination of 
alkalio.s in silicates. 4’he corrosive action of ammoniacal vapours on the exposed 
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sujface of glass windows in the vicinity of stables and manuie heaps has l)een 
noticed. 

Ammonium chloride is decomposed by hydrogen iodide. Chromic* ferric* 
cupric* and antimonic chlorides readily dissociate when lieated, are reduced to 
the -ous chloride and nitrogen is formed : 3SbCl5+2NH4Cl— SSbCIa (-8HCI-f-N‘2 ; 
and 6FeCl3+2NH4Cl==6FeCl2+8HCl+N'2. Double salts are formed with mercuric 
chloride. Stannic chloride is not reduced after many days’ heating at iO(f ; and 
titanic chloride* TiCl4, under similar conditions forms a double salt. if. N. Stokes 
found that ammonium chloride forms complex chloronitrides of ])hos])honis when 
heated in a sealed tube with phosphorus pentachloride. Chlorine and the hypo* 
chlorites form nitrogen and nitrogen chloride (q.v.). Potassium chloride* accord- 
ing to L. Soiibeiran,'^® decomposes ammonium chloride at a temp, below the b.p. of 
sulphuric acid, forming a gas which smells like chlorine ; the amount of chlorine 
evolved is proportional to the chlorine in the ammonium chloride, the nitrogen is 
not oxidized. K. Haclimeistcr foiuid for the f.p. and b.p. of binary mixtures of 
ammonimn and lithium chlorides with w per cent, of the former : 

w , . .100 7939 67-23 050 60*00 56 18 53*38 43*42 

B.p. . . . 338^ 329^ 334° 335° 340° 342° 342° 350° 

F.p.. 320® 313° 291° — 280° 342° 

The f.p. curve has a eutectic about 260*^. The b.p. and the f.p. curves cut one 
another. 

According to H. Rose, dry powdered ammonium chloride at 0^ absorbs the 
vapour of SUlphUT trioxide without decomposition, forming a hard jiiass which, 
when heated, lirst develops hydrogen chloride, and forms ammonium sulphate-- 
it has been suggested that the product may be ammonium chloropyro-sulphate, 
NIT4.O.S2O5CI. With carbon monoxide at a red heat, C. Staimner observed no 
changes, but with calcium carbide* R. Salvadori obtained calcium chloride, nitrogen, 
ammonia, carbon, and a scries of hydrocarbons — methane, ethylene, and acetylene. 

According to F. Cr. Mathews, ammonium chloride forms some nitric oxide, 
chlorine, and nitrosyl chloride, NOCl, when treated with nitric acid. Nitrites are 
decomposed when boiled with ammonium chloride : KNOg 1-NH4C1=N2+KC1 
+2IL2O ; and when fused with pc»tassium nitrate, combustion attended by a pTirple 
flame takes place. In soln. there is double decom])osition : NH4Cl+NaN03— NaCl 
According to M. Berthclot, the thermal value of the reaction between 
a mol. of normal sodium phosphate, Na3P04, and half a mol of ammonium 
chloride is 2620 cals. ; and with 1, 2, and 3 mols. of ammonium chloride, 48K), 
5030, and 5960 cals, respectively. 

11. Davy found that when heated with the alkali metals* ammonium chloride 
vapour is decomposed, forming the alkali chloride and a mixture of two volumes 
of ainmonia and one of liydrogen. Other metals — e.g, iron* tin* etc, — act 
somewhat similarly. Many oxides and salts are transformed into chlorides when 
calcined witli ammonium cliloride ; the oxides o£ nickel and CObalt are reduced 
to metals. Tin and antimony sulphides are also attac^ked by dry ammonium 
chloride vapours by the ammonia. According to C. R. A. Wright, cu})ric oxide is 
partially reduced and partially converted into the metal : 4CuO+2NIl40l- -=CuCl2 
+3Cu H-4H20-1-N2. According to L, Santi, an aq. sola, of ammonium chloride more 
or less readily attacks magnesium* ziuc* cadmium* chromium* manganese* and tin* 
and, says G. Lungi, it acts more vigorously on cast iron or lead than soln. of sodium 
chloride ; with iron a soluble double salt, FeCl2.2NH4Cl, is formed when the mixture 
is warmed, and hydrogen and ammonia arc formed. The reactions with soln. of 
ammonium chloride are to a great extent interpreted on the assumption that they 
ar^ produced by the hydrochloric acid developed by the hydrolysis : Nll4(1+Jl20 
— NH4OII +HCI. For example, the calcium* nickel* manganese* or iron monoxide 
forms the corresponding chloride and ammonia. According to M. Berthelot and 
G. Andre, so half an hour’s boilihg of ammonium chloride with sola, of sodium 
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hydroxide or calcium oxide liberates all the ammonia ; with magnesia, only 2 fi ’3 
to 24*5 of tJje oon taint’d animonhi was lost after an hour’s boiling. According to 
F, Jsambert, the thermal value of the reaction is 2NH4Cl+CaO===CnCl.^-i-2N]Lj 
+Il 2 ()- 10*9 Cals.; or 2 NH 4 Cl+Cu(OIl) 2 ^r=CaC^jC 2 Nl^ Cals. 

At ordinary temp., ammonia is not given oil from the mixed soln., but rather is 
calcium diammino-chloride, CaCl 2 . 2 NH 3 , formed with the evolution of al)out 
14 Cals. At 180‘ -2(X)^, this product gives olf ammonia. Similar results arc obtained 
with baX3rta and strontia» but not with lead oxide. In consequence, ammonia is 
^completely driven from these soln. only after vigorous boiling, and this more readily 
with dil. than with coiui. soln. Wlion a mixed soln. of sodium hydroxide and 
ammonium chloride is allow’cd to stand in the cold for three days, it loses but 25 per 
cent, of its contained ammonia. Similarly, says H. Caiitoui and G. Goguelia, the 
i’arbonates form cldorides with the evolution of ammonia and carbon dioxide ; 
and many of the sulphides arc attacked, forming chloride and ammonium sulphide : 
2 NH 4 CI j MnS^(Nll 4 ) 2 S+MnCl 2 - Hi further illustrations of the chemical reactions 
of aq. soln. of ammonium chloride, manganates are converted into perjuanganates, 
chromates to dichromates and to chromic, anhydride ; barium peroxide in the cold 
gives hydrogen peroxide, and when heated, oxygen and ammonia : 2 Ba 02 + 4 NIl 4 Cl 
^^2BaCl2+HVH3+21l20+02 ; SOdium thiosulphate decomposes : NaoS 2 D 3 + 2 Nll 4 ( 1 
= 2 NaCl-f-n 20 + 2 NH 3 -l-S 02 +»^? J^nd tlie sulphur and ammonia react in warm 
si)ln., forming ammoniiuu sulphide ; and w'ith pcrsulpliates, chlorine, nitrogen, and 
hyf)ochlorous acid are formed. The hydroxides of magnesium, zinc, cadmium, 
and manganese are more solul)le in aq. S(da. of ammonium chloride than in wattu*, 
owing to the formation of double salts.®^ 

Uses. — Ammonium chloride is used in phannacy ; in certain galvanic batteries ; 
and in the preparation of ammonia and ammonium salts. It is used in t]u‘ manu- 
facture of colours; in cotton printing; in tin plating; in galvanizing; and in 
soldering. 
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§ 17. The Alkali Bromides 

The history of the bromides dates from the discovery of broinine by A. J. Balard ^ 
in 1824. He prepared [>otassiiuii bromide by the action of bromine on potash lye, 
and calcined the residue remaining on evapciating the product to dryness. The 
bromine in sea-water may be present as alkali bromide, but more probably as 
magne.sium bromides It- is. however, uncertain how the Itnunides are distributed ; 
and similar remarks apply to the bromide's ])resent in spring and mine waters. 
Potassium bromide is used in chemical laboratories ; medicinally in some nervous 
diseases ; and in ])liotography. 

The preparation of the alkali bromides. While W Merz and W. Weiih - found 
that metallic sodium reacts v<My slowly with hromine such that even after the two 
elements have been ke])t for 8 hrs. at 200^, the conversion of sodium into the bromide 
IS but superfi(*.ial ; })otassiuin, cfusium, and ndddium unite with bi'oinine* more 
quickly, forming the alkali bromide. Tlie bromides arc^ also formed wluui iiydro- 
bromic acid is neutralized vdtli the alkali hydnixide or carbonate, and the soln. 
evaporated. This method, for example, has been used for pre])aring rubidium 
bromide, RbBr. Ohaubric and N. N. Beketoff made a solii. of cfosiuin bromide, 
CsBr, by the double decomposition of cfesmm sulphate, and barium bromide. 
P, Klein ^ made lithiiun bromide by digesting calcium broniide with lithium carbonate 
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'’“'^O^He^i.rv prepared sodium and potassium bromides by boiling ferrous bron. .. 
respectively vdth potaasium or sodium carbonate ^til the precipitate is brov . ; 
ihe ckar liquid was then filtered and evaporated. J. Kiiobloch recommeivi i 
treating a mixture of ferrous bromide with of lime, and then with potass, e , 
sulphate if potassium bromide is desired, or with Glauber s salt if sodium bronn.i ■ 
is to be made. The mixture is then to be boiled, the precipitated iron oxide filtcri .i 
off, and the soln. evaporated, for cubic crystals of potassium bromide. This is t!i. 
principle of the method employed for manufacturing potassium bromide on .. 
large scale ; 


Add l/> grin». (or 5 o.c.) of bromine to 100 c.e» of WAtor contained in a 250 c.c. flask , 
and with constant shaking gradually add 8 grms. of iroti filings to the contents flask. If 
the reaction ; Fe-j-Br^ — FeBr^ promises to become too violent, cool the flask by dippins^ 
it in cold water. Heat the flask and its contents on a water-bath until the liquid loses its 
brown colour. The flask them contains a green soln. of ferric and ferrous bromide togetho- 
with an excess of iron. To the filtered soln. add sufficient potassium carbonate to pre- 
cipitate all the iron : FeBio f KjCOa— FeCC )3 4“2KJ3r, and leave the liquid slightly alkaline. 
Heat the mixture on a water-bath. The precipitate, at first white, rapidly becoiru^s 
brown: iFoCOa+Oj --=2 Fp 208 {-iCOi. When the prec*ipitate lias settled pour off the clear 
liquid, and wash the precipitate by decantation with hot water. The clear filtei*od liquirl 
is evaporated for crystals of potassium bromide. 


The bromides are also prepared by di.ssolving lm>mine in alkali lye. Tlie 
mixture of bromides and bromates is evaporated ; and calcined to decompose the 
bromates. The (calcined mass is dis.solved in watcjr, and the soln. aiudificd witli 
hydrobromic acid, and evaporated. 0. Ldwig recommended evaporating the 
soln. of mixed bromides and bromate.s to a .semi-fluid consistency, mixing the product 
with powdered' wood charcoal, drying, and calcining the mixture in a crucible at a 
red heat. The sintered mass is tlien to b*‘ leached with hot water, and evaporated 
for crystals of the bromide. 0. Lowig also decomtiosed the bromates in the soln. 
by hydrogen .sulphide, boiled the liquid to drive off the dissolved gas. and after 
filtering off the sulphur, neutralized the licpiid either witJi hydrobromic acid or 
alkali lye, and evaporated to dryness. 

M. Falieres prepared the salt by mixing 80 grms. of bromine with a soln. 
of 100 grms. of pota.ssium carbonate in .6(!0 grms. of water ; the resulting soln. of 
liotassium hypobrornite was mixed with 30 grms. of ammonia water (sp. gr. O’BT.'j) 
diluted with 80 grms. of water. The liquid w'us evajiorated to dryness, calcined, 
extracted writh water, and the soln. allowed to (•r\-.stal)ize. M. Castelhaz recom- 
mended saturating aqua ammonia with bromine ; the ammonium bromide which 
crv.stullizes from the .soln. is free from iodide.s since the ammonium iodide remains 
in the mother liquid. When a soln. of ammonium bromide is boiled with sodium 
hydroxide or carlMuiate, until tin; smell of ammonia has disaiipeared, crystals 
of .sodium bromide can be obtained. iSimilar romark.s apply to potassium 
bromide. 

The impurities of potassium bromide. - - Judging from the analyses of potassium 
bromide by H. Adrian.'t the older commenaal varieties were very much more con- 
taminated witl, impurities than modern sample.s. For example, II. Adrian found 
10 to 15 jK-r cent, of impurities in 10 commercial samples; to-day, the German 
Pharijiacopu’ia permits 2 per cent, of potassium chloride, and about O'l per cent, 
of the carbonate. There has been reported 013 per cent, of KCl in English bromide, 
4'.o2 to 5'92 per cent, in American ; and in both, 0‘35 to 1‘29 per cent, of moisture. 
The bromide from fetassfurt is free from iodides. To detect iodid-es, the soln. is 
first treated with a little fuming nitric acid, and then shaken with chloroform, 
if but little iodine is present, the chloroform will not be coloured, but if the bromide 
be treated wdth an excess of ferric chloride the iodine will colour the chloroform 
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rose-pink. If the salt be treated with potassium permanganate, the bromide 
will not be decomposed but the iodide will be converted into iodate. A. Baudrimont 
freed potassium bromide from iodide by boiling a cone. soln. with a little bromine 
water. The liberated iodine volatilizes with the excess of bromine during the 
boiling. 

The properties of the alkali bromides. — The bromides of the alkalies and am- 
monium all crystallize in the cubic system. J. W. Retgers ^ found that cubic crystals 
are obtained with potassium bromide in soln. (*ontaining a little urea; chromic or 
ferric chloride ; or lead chloride. The space lattice is indicated in connection with 
the chlorides. H. Schwendciiwcin studied the space lattice of the crystals of the 
alkali bromides ; W. P. Davey that of rubidium bromide. K. Fajans and K. F. Herz- 
feld found for the distances apart of the atoms in the space lattice of sodium, 
potassium, and rubidium bromides, respectively 2*980x10 3*295x10“®, and 

3*440x10 “*^ cm., and for the respective lattice energies, 159*7, 150*4, and 146*5 Cals, 
per mol. E. Newbery and II. ljupton ® found that potassium bromide is coloured 
sea-green by exposure to radium emanation, and it resembles the effect produced 
with potassium chloride. The crystals glow w^itli a bluish light during the exposure. 
B. Bandrowsky reported that a few faint, transient flashes of crystalloluminescencc 
occur when potassium bromide is [>recipitated with 90 per cent, alcohol. M. Trautz 
was unable to get the plienomenon with the alkali bromides. E. F. Farnau claims 
to have observed tlie phenomenon with sodium bromide by adding alcohol to sat. 
soln. H. B. Weisor obtained negative results on repeating E. F. Farnau s experi- 
ments, but observed crystallolunnnescence with potassium bromide similar in 
every respect to tliat with sodium or potassium chloride. Alcohol was not a good 
precipitant, but hydrobromic acid of sp. gr. 1*337 gave good results. The crystals 
of lithium and sodium bromi<los are deliquescent in air ; the other three salts are 
not so. P. W. Clarke’s ® value for the specific gravity of lithium bromide is 3*485. 
P. A. Favre and C. A. Valson's value for sodium bromide is 3T98 (17*3°) ; P. Kre- 
mers’, 3 079 (17*5°) ; H. Sehiff's, 2*952 ; G. Tsc.hermak’s, 3*011 ; E. Brunner’s value 
for the molten salt Ixd vveen 800° and 1(.KK)° is 2*212r)-- O*O(X)8()(0—9OO). G. Quincke’s 
value at the m.p. is 2*148, K. Krickmeyer’s value for potassium bromide at 0° is 
2*415 ; at 20°, 2‘75G+0’(X)3 ; W. Spring s, 2*701 (18°) ; J. Y. Buchanan’s, 2*679 ; 
T. W. Richards and E. Mueller’s, 2*73 (25°) ; and for the molten salt between 800° 
and 1000°, E. Brunner gives y>)r-l’991— 0*0(X180(^— 900). G. Quincke’s value at 
the m.p. is 2*199 ; C. J. B. Karsten’s value at ordinary temp, is 2*672; L. Playfair 
and J. P. Joule’s, 2‘672 ; H. G. F. Schroder's, 2*690 (water 3*9° unity) ; B. Gossner’s, 
2*754; J. A. Craw’s, 2*728 ; and M, S])rockhoff's, 2*751 ; H. Topsoe and C. Christian- 
sen’s mean value is 2*681. C. Setterberg’s value for rubidium bromide is 3*358 ' 
J. A. Craw's, 3*314; E. H. Archibald's, 3*282; J. Y. Buchanan’s, 3*210 (23°) ; 
and M. Sprockhoff's, 3*356. C. Setterberg's value for cfcsium bromide is 4*463 ; 
M. Sprockhoff’s, 4*452 ; T. W. Richards’, 4*380 ; N. N. Beketoff's, 4*523 ; J. Y. Bucha- 
nan’s, 4*508 (22*8°) ; and G. P. Baxter and F. N. Brink's, 4*510 (25°). G. P. Baxter 
and C. C. Wallace’s data may be taken as embodying the best representative values 
of the salts in question ; 


Temperature. 

LiBr 

XaBr 

KBr 

llbBr 

CsBr 

70 *19^* 

3*446 

3*186 

^ - 

. — 

4*406 

60*04^ 

3*454 

3*104 

2*740 

3*340 

4*418 

25*00^ 

3*464 

3*203 

2*749 

3*349 

4*433 

0^ 

3*474 

3*213 

2*756 

3*358 

4*449 


The mol. vol. are indicated in Table XXIV. Potassium bromide does not form 
mixed crystals with the sodium salt. K. Fajans and H. Grimm studied the mol. vol. 
of the alkali bromides. For the effect of press, on the sp. gr. see the alkali chlorides. 
According to W. Muller-Erzbacli, the volume contraction which occurs in the 
formation of the halide salts is greatest with the chlorides and least wdth the iodides. 
This is illustrated in Table XXIV. 
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Table XXIV. — Volume Relations of some Haloid Salts. 



A 

JS 

0 

(JJ-B)'A . 

(C-O), 


vSp. gr. 

.' Mol. wt. 

Calc, volume. 1 Fouud volume. I 

1 _ 1 

Contract ii. 

RbCl 

2*20 

' ; ' ’ ~i 

' 120*0 ' 

i 

81*7 

; i 

55*0 

0-32 

RbBr 

2*78 

165*4 

81*7 

50*8 

0-27 

Rbl 

:i 02 

2124 

81*7 

70*0 

014 

LiCl 

2 00 

42*5 ; 

37*4 

21*2 

0-43 

LiBr 

;m() 

87 0 ! 

37-4 

28*2 

0-25 

LiT 

3’40 

134*0 

37*4 

28*1 

— 0 03 

The sp. gr. of the 

molten 

alkali bromides are 

indicated in Table XX \ 


The sp, gr. D of aiioltcu sodium bromide at 0° water at 4*^ unity) is 
J) ^ 2*306 — 0 (X)72(6^ -- 780) — 0'(XXXKX)8(^ — 270)- ; potassium bromide, 1) 
=~2*106~OM_K)0700(d— 77)0) ; rubidium bromide, y)-^2-688— 0*001006(<?— 700) ; 
and caesium bromide, />:--" 3'125 - O f ()134(0-"6r)O). E. Brunner found for socHum 
bromide, 71— 2*2125- O‘(K)O8()(0 — 0(X)). R. Lorenz and co-'Workers found for 
potassium bromide, 7J~2'626 — 0 00080. (I. ()uineke\s values® for the Capillary 

constant of molten sodium bromide is </-“-4 08 sq. mm. ; and potassium bromidi*, 
a2=4*4y. The value for the. surface tension of molten soilium l)romide is 49*0 
dynes per cm., and for potassium bromide, 18*4 dynes per cm. tl. M. Jii^er’s values 
for the sp. gr., the surface tension (ergs per cju.), and the mol. surfucie energy (ergs 
jjer sq. cm.) are indicated in Tabic XXV. T. Richards and ii, Jones' valiui for 
the compressibility of sodium bromide at 20’'' betweim 100 and 5(K) atm. is 
5*1 xl0“® megubars. and of potassium bromide (5*2 X megabars. W. (*. Roiitgen 
and J. Schneider studied the compressibility of soln. of lithium, sodium, and potas- 
sium bromides ; F. Pohl, sodium and potassium luoinide : and 0. Schmidt of 
lithium bromide — vide ammonium iodide. 


Table XXV. — Specific Guavittes and Surface Tensions of the Molten Alkali 

Bromides. 


Temp. 

Surface tensiun. 

Sp. gr. 

Mol. surface 
! energy. 

i - 

Temp, roeff. per 
, deg. 

NaBrI ' 

JNalir^ 

105'8 

2*320 

1325*0 

i 0*53 

78*0 

1*912 

j 1112*0 

1 0-53 

KBr J IK ■ 

85*7 

2*08() 

; 1 270-2 

i 0*76 

i 920“ . 

75 '4 i 

1 *070 

iici-o 

0*76 


87*7 

2*656 

1 1377-7 

1 0*77 

(1121° . 

60() 

2 226 

; 1071-0 

0*77 

CsBr i ■ 

81-8 

3*116 

1 1366-4 

0*90 

1 970-6“ . 

62*7 

2*695 

! 1153-7 

; 0*67 


Tlie melting point of lithium bromide is ii2^, accordin-,' to W. Ramsay and 
N. Eumorfopoulos value seems to be much too low, for 'J'. Cariiclley gives 

547° ±. 5° ; G. Kellner, .5.52 " ; and G. Scarj)a, 550°. For sodium bromide, V. Meyer 
and W. Riddle gave 7.57-7° ; VV. Ramsay and N. Euinorfopoulos, 733° ; T. Cixrnelley, 
708 -712’; K. S. Kurnakoif and S. F, iSclicmtschuschny, 768°; J. MacCrac, 
761°; G. Scarpa, 776° ; G. Kellner, 742^; 0, Ruff and W. Plato, 76.5°; and 
K. lluttner and G, Jammann, <40 . For jJotassium bromide, V. Meyer and 
W. Riddle give 722 ' : and T. Carnelley, 703°, and, according to the latter, the salt 
freezes at 687) , K. Hiittncr and G. lammann gave 74(y ; for the m.p, M. Amadori 
G. I>am,)anini. 740° ; V. de Osaris, 730° ; G. Scarpa, 760° ; G. Kellner, 730° ; 
N. S. Kurnakoff and S. F. Schtmitschuschny, 790° ; O. Ruff and W. Tlato. 750°. 
1. Carnelley gives the in.p, of rubidium bromide as 683°, Potassium bromide, 



THE ALKALI METALS 


581 


says M. Berthelot,ii volatilizes at a high temp,, and its boiling point, according 
to J. McCrae, is 745"". L. H. Borgstrom gives 1455° for the b.p. of sodium bromide, 
and 1435° for potassium bromide. G. Bartha gave 725° for the b.p. of sodium 
bromide in the cathode light, and 680° for potassium bromide. According to 
K. Bunsen, potassium bromide volatilizes 0*487 times and fciodium bromide 1*727 
times as fast as the same quantity of sodium chloride in the hottest part of the 
Bunsen flame. Anhydrous lithium bromide gives off a little bromine when heated 
to its m.p., sodium and ciesium bromides do not. According to G. Scarpa, in 
the binary system LiOH— LiBr, there is a eutectic at 275° with 45 mol. per 
cent, of the hydroxide, and an arrest at 310° corresponding with unstable lithium 
trihydroxybromide, 3LiOH.LiBr. The systems NaOII -NaBr and KOII— KBr 
are completely miscible in the liquid state ; in the former case there is a eutectic at 
260° with 80 mol. per cent, of NaOH ; and in the latter case, at 205° with 90 mol. 
per cent, of KOH. The former is a simple eutectic, the latter gives solid soln. of 
two kinds with a miscibility break. The transformation points of the alkali 
hydroxides are rapidly lowered by the corresponding bromides. A. von Weinberg 
obtained 45*7 Cals, for the heat ol sublimation of sodium bromide, and 45*2 Cals, 
for that of potassium bromide ; and A. Reis obtained 55 and 50 Cals, respectively for 
sodium and potassium bromides, and between 15 and 35 Cals, for lithium bromide. 

The specific heat of sodium bromide is 0*13842 and of potassium bromide 
0-11322 between 16° and 98°, according to JI. V. Rcignauli.^- J. N. Bronsted gives 
for the sp. lit. of the alkali bromides bet\veen 0° and 20° : 

NaBr KBr RbBr CsBr 

Sp. ht 0-1176 0-1031 0-0743 0 0582 

Mol. ht 12-10 12 27 12-29 12-38 

K. Koref obtained for the sj). ht. and mol. lit. of sodium bromide between —191*4° 
and —82*0°, res[)ectively 01014 and 10*14 ; and between 0° and —76*4°, 0*1170 
and 12*04. Similarly, for potassium bromide between —190*8° and —82*1°, 
0*0911 and 10*84 ; and between 0° and — 77*5°, 0*1025 and 12*20. W. Nernst 
gives for the mean atomic heat of potassium bromide at 78*7° K., 9*48 ; and at 
89*2° K., 10 05. G. N. Lewis and G. E. Gibson estimate the increase of entropy 
from —273° to 25° as 22*4. The heat of formation of lithium bromide, accord- 
ing to A. Bodisco,!*^ Li-l-Br|iq.~]jiBrjj,,a^id-^^'2 Cals.; Li l-Brii^.^LiBrsioin.+^l’S 
Cals.; Li }-BrgaH--Lil3r,;oiia4 ^^3*9 Cals,; Li-hBrgas--“LiBrj,ojn.+95‘2 Cals. The 
heat of formation of vsudium bromide from its elements is 85*77 Cals. ; and of 
potjissiujii l)romide : K |-Brs()ii(i~KBrpoiid+-^6*4 Cals. According to N. N. Bcketolf, 
the heat of formation of caesium bromide is 99*8 Cals. Tlie heat of Solution of 
lithium bromide is LiBr-f-Aq -11*35 Cals., according to A. Bodisco ; sodium 
bromide, 0*29 Cal. (M. Berthelot), —0*19 M. I'lioinsen) ; for potassium bromide, 
at 18°, —5*08 Cals. (J. Thomsen), and ~ 515 (.'als. at 10*6° (M. Berthelot). The 
lieat of soln. Q of a mol. of potassium bromide in 2fJ() mols. of water varies with 
temp, according to the eqxiation Q— 5*21O+O*(t38(0 — 15) Cals. N. N. Beketoff gives 
the heat of soln. of caesium bromide as —6*3 Cals. The heat of neutralization is : 
NaOH + HBr 13*6 Cals. ; HBr,oiu. + iK^Osoin. = KBr + II 2 O + 13*5 Cals. ; 
HBri;oiia+Na0Hso]id"NaJlrsoiici+H20;ioii(i+^4 Cals., and for potassium hy- 
droxide, 41*7 Cals. Potassium bromide is nearly twice as soluble as tlie (wre- 
sponding chloride in water at 0°. A. von Weinberg obtained 150*1 Cals, for the 
heat of dissociation of lithium bromide ; 140*1 Cals, for sodium bromide ; 144*2 Cals, 
for potassium bromide ; 145*0 Cals, for rubidium bromide ; and 145*8 for csesiiim 
bromide. 

The solubilities of the alkali halides in 100 grms. of water arc : 



0* 

lO’* 

20® 

40 ® 

60 ® 

80 ® 

1000 *^ 

LiBr , 

. 143 

161 

177 

202 

224 

245 

266 

NaBr . 

79-5 

84-5 

90-3 

105-8 

117-0 

119-0 

121-0 

NH^Br . 

— 

66-2 

74-0 

87*5 

lOl-O 

115-0 

128*2 

KBr 

53-5 

59-5 

65-2 

75-5 

85-5 

95-0 

1040 
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The data for lithium bromide aie by P. Kremers.i^ and the data for sodium bromi.j 
by L. C. de Coppet — ^A. fitard’s data are much lower than L. C. de C<^pet. . , 
The solubility of sodium bromide in KW grms. of water is 57T> (A. Etard; 
71*4 (L. C. de Coppet) at —20°; 116 (A. Etard); 124 (L. C; de Coppet) at 120’ 
and 118 (A. Etard) at 140°. F. Guthrie gives for sodium bromide 67 5 at —28 ’ . 
70 at —24°; 71 4 at —20°; and 751 at —10°. L. C. de Coppet was unable tc 
make a satisfactory interpolation formula for the solubility S of sodium bromide 
A. Etard gives N=4O4-O O17460 grms. per 100 grms. of water between 20° and 40° ; 
and 6'— 52'3± (H)1250 between 40° and 150°. Values for the solubility of potassium 
bromide have been obtained by A. Meusser, A. Etard, W. A. Tilden and W. A. Shen- 
stone, and by L. C. de Coppet. A. Meusser gives 46‘7 for —10°; 109'5 for 110°; 
120-9 for 140° ; and 145-6 for 181°. L. C. de Coppet gives the interjwlation formula 
for the solubility 6’ between —13 4° and 110° of potassium bromide at d° as 
»S-— 54‘43-|-0-512^ grms. of salt per 100 grms. of water ; and A. Etard gives 
5=34-5+0-24206 between 0° and 40°, and 5— '41-5+0-13786 between .30° and 
120°. The values for rubidium bromide by E. Rimbach are : 

O-S” 10-0° 30-7° 57-6° 113-.'i° 

RbBr . . . 80-6 980 104-8 152-47 205-21 


L. Reissig gives the solubility of rubidium bromide as 98 grms. in 11)0 grms. fd 
water at 5° ; and 105 grms. at 16°. .1. N. Bronsted measured the .solubility of tlie 

alkali halides in aq. .soln. of poUist^ium hydroxide at 
I — j — j , I ^ ly-, 20 ° For the 8olul)ility of potassium broinwle in aq. 

izo° — rr/^ iiiid nitrobenzene soln. of bromine, ride bromine. 

f Lithium bromide scj)arato8 from its aq. soln. in very 

J ^ j'l (i delique.scent ery.stals, and it forms different hydrates 

S I""! which are determined by the temp, of ery.stallization.'® 

^ ^ With cold soln., fine needle-like crystals of trihydrated 

o^, lithium bromide, LiHr..3noO, melting at 3.5°, are 

^ I formed; at 4” these pass into prismatic crystals of 

! r dihydrated lithium bromide, JjiBr.2H20, melting at 44° ; 

the dihydrated .salt passe.s into monohydrated litUum 
„ , bromide at 44"^ ; and at 159'^ into tlic anhydrous salt. 

Me.yerhoffer's solubility curve of sodium bromide 
Water. shown in P^i^. 29, The transition point of dihydrated 

sodium bromide, NaBr.2H;i(), to the anhydride is 
50‘074°, and this jjoint has been suggested by 1\ W. Richards as a fixed-point in 
thermometry. II. M, ilawson and (J. (1. Jackson found the tran.sition point 
lowered 3 45® by the introduction of urea. Aq. soln. of sodium bromide at ordinary 
temp, furnish prismatic rnonoclinio crystals of the dihydrated salt, isomorphous 
with the corresponding dihydrated sodium iodide. According to P. A. Favre and 
C. A. Valsun, this salt has a sp. gr. of 2*176 ±()‘(M)3 ; according to R. Krickmeyer, 
2*17(20^/4'^) ; and according to M. Berthelot, the heat of formation is NaBr+2H2t^ 
=NaBr.2H20-(-415 Fals. The dihydrated salt is stable over the range from 
50-674° down to —24° when peutahydrated sodium bromide, NaBr.51l20, is formed, 
and the range of stabilitv of this salt is small— between — 24° and — 48°. The 


L._ L — — L. —1. ...... 

0 20 ^ 60 SO 100 120 /-W 

Grmo. Hd.5r per loo^m ot' ^ter 

Fia, 29. — Eqiiil!t>riuni Curve 
of Sodium Bromide and 
Water. 


eutectic temp, is — 28®. Tlie increase in the solubility of tlie anhydrous salt with 
a rise of temp, is smaller than with the dihydrated salt, and this corresponds with 
the smaller heat of soln. of the latter. No hydrated bromides of potassium, rubidium, 
or cesium arc known. One way of expressing this is to say that the electro- 
affinity of the* potassium ion is greater than is the case with the sodium ion, and 
consequently the tendency to hydration is less. According to F. Guthrie and 
1. Riidorfl, the eutectic temp, with potassium bromide is — 13°, and the mixttire 
then contains 47 grms. of the salt in 100 grms, of water. 

The specific gravities of soln. containing n grms. of lithium bromide i)er 100 
grms, of water at 19*5'^ have been determined by P. Kremers,^^ and recalculated 
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by G* T. Gerlach siinilarly for sodium bromide at 16® ; and of potassium bromide 

at 19‘5® : 

n 6 10 15 20 25 30 35 40 50 55 

LiBr. . . 1036 1*072 1 113 M66 1*204 1*254 1*309 1*369 1*600 1*680 

NaBr .1*040 1*090 1*126 1*174 1*266 1*291 1*344 1*410 1*665 — . 

KBr . . 1037 1*075 1*116 1*169 1*207 1*256 1*309 1*366 1*430 — 

M. le Blanc and P. Rohland give the sp. gr. of a 6*60 per cent. soln. of rubidium 
bromide at room temp, as 1*0525; and of a 14*36 per cent. soln. as 1 1225. 
6. P. Baxter has measured the sp. gr. of soln. of the five alkali bromides and com- 
pared the observed mol. vol. of tlie solids with those computed from the at. vol. 
of the elements, and with the iiiol. vol. of the salts in soln. C. Fetch’s values 
for the coefficient ol cubical expansion a of aq. soln. of 59*5 grms. of potassium 
bromide are 0*000067 (0°-5^), 0 (XX)128 (5^-10^), and 0*000387 (35MO) ; for 119 
grms. of potassium bromide per litre, 0*000140 (0%5®), 0*000184 (5®-10®), and 
0*000406 (3r)M0®) ; and for 2*38 grms. per litre, 0*000241 (0"~5^), 0*000269 (5®-10®), 
and 0*(X)0444 (35^-4^)^). 

The coefficient Ot thermal expansion (linear) for crystals of potassium bromide, 
by H. Fizeau, is a=::0*00(X)42007 at 40*". The coeff. of cubical expansion of crystals 
of the alkali bromides, by G. P. Baxter and C. C. Wallace, arc : 

NaBr KBr llbBr CsBi 

. . . 0*000122 0*000112 OOGOll.*! 0*000141 

25°-50^ . . . 0*000119 0*000125 0*000101 0*000137 

T'he diffusion coefficient of sodium bromide is 0*86 at 10^’ for soln. of sodium 
bromide containing 2*0 mols. per litre; and for ^V-soln. of potassium bromide, 
1*13 per sq. cm. per day. The capillary constant‘s® of fused sodium bromide is 
^*2=4*08, and potassium bromide, (/2“_4*49 sq, mm. The surface tensions are 
respectively 49*0 and 48*4 dynes per cm. W. Herz and G. Anders 21 measured 
the visc^siticws of soln. of alkali bromides ; and F. Korber the effect of press, on the 
viscosities as indicated in Table XIX. 

The boiling point of a sat. .soln. of sodium bromide is 121® ; and of potassium 
bromide, 112®. The b.p, of water is raised 0*120® with the soln. of 1*35 grms. of 
sodium bromide (x\., Schlump),*-- and 1*872®, with 17*92 grms. of the same salt 
(W. Landsberger) per 1(X) grms. of water. Similarly, with 2*614 grms. of potassium 
bromide per ICX) grms. of Avater, L. Kahlenberg observed a rise of 0*206®, and 
with 50*14 grms., 7*754®. The mol. rise of the b.p. of sodium bromide soln. increases 
with increasing cone, from 0*92® to 1*076® and of |)otas8mui bromide from 0*94® to 
1*13® in the examples (pioted. This is just the opposite to what would be exj>ected 
if the ionization dec^ea^sed with increased cone. Hence it is assumed that the 
hydration of the salt in soln, marks the effect produced by the ionization of the 
salt per se. 0. Tammanri has measured the lowering of the vapour pressure of 
wato at different temp, by soln. of lithium, sodium, and potassium bromides. The 
mol, lowering of the leasing point of aq. soln. of lithium bromide, determined by 
W. Biltz, is 0*292® with 0*07845 mol. of LiBr per 10(X1 grms. of water, and 3*631® 
with 0*9138 mol. H. Jahn’s values for the mol. lowering of the f.p. of soln. 
of sodium bromide are 3*444® for 0*3053A^-8oln, of NaBr ; and 3*602® for 
0*02542Ar-soln. W. Biltz and H. Jahn’s 24 have likewise found values for ])otassium 
bromide where for soln. with 0*363 grm. of the salt ])cr 100 grms. of water the 
lowering of the f.p. is 3*61®, and with 8*101 grms. of salt, 3*30®. The depression of 
the f.p. of both the chlorides and bromides is greater with cone. soln. than cx)rre- 
spends with the degree of ionization deduced from conductivity measurements, 
and this fact is cited as evidence of the formation of hydrates, or, according to 
H. C. Jones and J. N. Pearce, as evidence of the formation of hydraU'd ions. 

The gpecifle heat of a 3*2 per cent. soln. of potassium bromide (i.e. one eq. per 
400 eq. of water) is 0*962 at 18® according to J. Thomsen 25 ; and J. C. G. de Marignac, 
between 20® and 51®, gives the sp. ht. 0*7691 for soln. containing 2 eq. of KBr per 
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50 eq. of water, H.jO ; 0 S643 per 100 eq. of water ; and 0*9250 ])er 200 ecj. | 
water; the ooiTe«j)oii(ling values for sodium bromide ar(3 respec^tively 0’S( <, 
0*8.^64, aud 0*9388, According to G. Jagcr,-<5 the thermal conductivity of a j ; 
percent, soln. of })otassiuni bromide, is 81*1 (silver unity); 40 }»er cent. soln. u. 
sodium bromide, 88*9 ; and 20 per cent. soln. of sodium bromide, 93. 

H. Topsoe found the refractive indices of crystals of potassium bromide to Uv 
rr>54() for the C-line ; 1*5593 for the jD-line ; 1*5715 for tlie J'-line ; and 1*581) 
for the jKfdine. Similar results were obtained by M. Sprockhoff, and for rubidiuih 
bromide, 1*5483 for tlie C-line ; 1*5528 for tlie i)-line ; and 1*5646 for the F-line. 
For the cicsiuni l>romide, M. Sprockholf obtained 1*6924 for the C-line ; 1*6984 for 
the />- line ; and 1*7126 for the F-line. The refractive index fi cd soln. of litJiiun), 
sodium, and ])otassium bromides have been determined by G. 1\ Baxter ; and for 
potassium bromide soln. by A. H. Borgesius,-^ at 18^ for the /)-line. The fractional 
increase in the refractive index [p- pQ)jw of soln. containing w per cent, of the salt 
})er litre, is 

W . . , 2'92JO J 4705 U/.'JTO O'HTlO 0*1840 

{h 0*001204 0*001107 0*001100 0*001101 OOOllSO 

M. le Blanc gave the refractive indices uf soln. of potassium and rubidium bromides 
as l*o593 and 1*5533 respectively, when the densities are 2*738 and 3*31 1 respectively. 
Hence the refraction eq. of pot^iissiuju ]»romidc by Gladstone and Hale's formula is 
therefore 24 32 ; and by Ijorontz and Lorenz's formula i4’(15 ; the corresponding 
values for ru bidium Imuuide are 27*62 and 15*98. 4’he nud. refractions of j)otassiuin 
bromide in soln. l)y the two formiilai are respectively 25*11 and 14*70 ; and of 
rubidium bromide in soln., 27*85 and 16*33. The nu4. refractions of these salts 
are therefore greater in soln. than in the .suHd fori!i. ( ‘rystals of ])otassium bromide, 
says II. jMarbuch, exhibit optical activity. A. 8. Newcomer found that sodium 
chloride was the only salt relatively solul)ie and yet capable of emitting fliioresetuii 
rays in the mid-ultra-violc^t region of ih(^ spcMdrum under the inliuence of X-rays. 

\V. Ostwakbs values *-^ for the e(p electrical conductivity A of soln. of sodium 
bromide and of potassium bromide, when a mol. of tlie salt is dissolved in v litres 
of water, at 25'\ are : 


V 

NaJir, A 
KBr, A 


32 

1J5-0 

137*2 


(54 

118-2 

140-9 


I2H 

121*3 

I4r>*i 


2r>(> 

124*2 

148*1 


r >12 

12 ( 5*4 

148*2 


1024 

127*8 

iaO'5 


.^loni theii values of the electrical (conductivities (.if soln. at 18 , K. Kohlrausch and 
H. yon bteinwehr cahmlale the degnee of ionization of soln. (Mintaining ()'(.K)0l mol. 
of KBr p(»r litre to be 99*1 p(‘r cent., and Jor soln. wilh 0*5 mol, of KHr jier litre, 
(^ent. (). Gropp measured th(‘ (dTect of tem[). on tlic coiiductivitv of 
liquid aiicl frozen soln. of lithium, scjdiuni, and potassium bre^mides. F. j\l. Jager 
and B, Kainpa measured the mol. eonduetivity, /x, of ])(jtassiuin bromide at O'"' 
between 745*2'" and 868*6^', and found /ix - 90*09 ~|- 01906 (/?-750). H. Arrhenius 
gives for the temp. (^oeH*. of the conductivity between 18" and 52^, for 0*001, 0*01, 
0*1, and 0*5 normal soln., 0*0231, 0 0228, 0*0225, and 0*0210 l•^^spectively ; he 
als(> computes the heat o£ ionization in ^TvA-soln. of KBr at 35" to be - 425 cals. 

transport number 0*604 at 18" for soln. lu^tween 0 OtK)8 and 
at 18" for 0*034 to OOlliV-soln. of KBr. For the 
eltect oi press, on the electrical properties, vulc alkali chlorides. A. Keis gave 
for the free energy for the separation of the ions of KBr, 155 kgrm. cals, per mol, ; 
+ 1 ^ J* 167 ; and HBr, 315. A. Hoydweiller gave 2*85 and 4*7(> for 

powdered and compact potassium bromide. 

A. Hitte - found the solubility of sodium or potassium bromide to be decreased 
I the coiTesponding hydroxide in the same soln. I^hus, the water 

solubility of sodnim bromide at 17" falls from 91*38 to 68*85 per 100 grms. of water 
in the presence of 9*24 grins, of sodium hydroxide, and to 24*76 in the presence of 
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54’52 grms. of the hydroxide ; similarly, the water solubility of potassium bromide 
falls from about 63 to 43 36 per 100 grms. of water in the presence of 11 '35 grms. of 
potassium hydroxide, and to 3*24 in the presence of 80*69 gmis. of the same hydroxide. 
A. b^tard and C. Tourcn measured the solubility of potassium bromide in aq, soln. 
of })otassium chloride, iodide, and nitrate. The solubility was in all cases decreased 
as the proportion of the second salt in soln. increased. 

A. E, Taylor found the solubility of potassium bromide per 100 grms. of 
aq. ethyl alcohol, at 30", to be reduced as the proportion of alcohol increavsed, falling 
from 71*30 with water, as solvent to 56*4 with a 20 per cent, alcohol ; to 44*95 with 
40 per cent, alcohol ; to 32*50 with 60 per cent, alcohol ; and to 8*80 with 90 per 
cent, alcohol ; while C. A. L. de Bruyn obtained a solubility (25") of 0*13 with 
absolute ethyl alcohol. Absolute inethyl alcohol dissolved 1*51 grms. of potassium 
bromide at 25" ; and propyl alcohol 0*055 grm. at room temp. Similarly, 
1\ Rohland, C. A. L. de Bruyn, and J. M. Eder have shown that 1(X) grms. of methyl 
alcoliol (sp. gr. 1.5", 0*799) dissolved 21*7 grms. of sodium bronude, and absolute 
methyl alcohol, 17*35 grms. The same amount of ethyl alcohol (sp. gr. 15", 0*810) 
at 19*5" dissolves 7*14 grms. of sodium bromide, and absolute ethyl alcohol at 15", 
dissolves 6*3 grms. of dihydrated sodium bromide ; likewise with propyl alcohol 
100 c.c. (sp. gr. at 15", 0*816) at room temp, dissolve 2*01 grms. of sodium bromide, 
KX) grms. of absolute ethyl ether dissolve 0*08 grm. of sodium bromide at 15". 
II. C\ Jones found that the mol. wt. of potassium, sodium, and ammonium bromides 
in methyl and eth)d alcohol when determined by the b.p. method correspond with 
an ionization of approximately 50 cent, in the former solvent, and 25 per cent, 
with the latter. W. Herz and M. Knoch found that at 25", the water solubility 
of potassium broinid(i fell from 57*32 grms. of the salt to 43*67 grms. per 100 c.c. 
of soln. when 120 c.c. of the solvent had 20 c.c. of acelovn and with 90 c.c. of 
acetone to 1*20 grms. of potassium bromide. The corresponding sp. gr, of these 
three soln. were 1*3793, 1*2688, and 0*8340. S. W. KSerkov found evidence of 
the formation of complexes in his study of tacctonc soln. of lithium bromide. 
Likewise, the solubility per 100 c.c. of a 13*28 per cent. soln. of glycerol was 
52*91 grms. of potassium bromide, and the soln. had a sp. gr. 1*3704 ; with 
KX) c.c. of a KX) per cent. soln. of glycerol, 20*56 grms. of potassium bromide and 
the sp. gr, of the soln. was 1*3691 ; there is a minimum 1*3580 in the sp. gr. with a 
54*23 per cent, glycerol, when ItK) c.c. of the soln. has 36*98 grms. of salt. P. Walden 
found 100 c.c. of a sat. sola, iw furfural (C4II3O.COH), at 25'', contains 0*139 grins, 
of potassium bromide. M, Stuckgold found a litre of ethyl urdhane, at 60", dissolved 
0*493 mol. of sodium bromide, 0*032 of potassium bromide, and 0 034 of rubidium 
bromide. 

According to W. Herz and Q. AndervS,^**^ sat. soln. of potassium bromide in water 
and methyl alcohol at 25" contain respectively 4*708 and 0*142 mols. per litre ; 
the soln. have respectively the sp. gr. 1*37927 and 0*80493 referred to water at 4" ; 
the reliitive viscosities, 1*062 and 0*697 ; the relative eq. conductivities 91*3 and 
57*9 ; and the specific conductivities, 0*4297 and 0*00825. P. Dutoit and A. Levier 
liave measured the conductivities of soln. in acetone, and hence inferred that in 
this solvent potassium bromide is much less ionized than potassium iodide. 

Liquid sulphur dioxide, says P. Walden, readily dissolves sodium and potassium 
bromides, and 0. J. J. Pox has shown that at 25" the solubility iS of sulphur dioxide 
in Soln. of sodium bromide, unlike sodium chloride, is greater than it is in water, 
VIZ, 32*76. Thus for soln. of these salts of normality N, the solubility of sulphur 
dioxide is : 


A^-soln. 

0*5 

1*0 

1*5 

2*0 

2*5 

3*0 

NaCl, S 

. 32-46 

32*25 

31*96 

31*76 

31*51 

31*36 

NaBr, S 

. 33*76 

34*54 

35*27 

36*26 

36*84 

37*74 


Hence the solubility of sulphur dioxide in sodium chloride soln. is less than it is 
in water, and in sodium bromide soln. greater ; and the difference is the greater 
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the greater the amount of lialide in aoln. Similar results were obtained wiU 

r ^tassium bromide or sodium bromide. P. Walden found the electrical oottductivit\ 
of a soln. of a mol. of potassium bromide in 14*6 litres of liquid sulphur dioxide 
to be 3()*9, and in 71*5 litres, 35*9. S. Tolloczko showed also that the lowering oi 
the f.p. of soln. of potassium bromide mmUiwony trichloride increased with dilution, 
showing that the salt may be more and more ionized in that solvent. 

According to F. C. Franklin and C. A. Kraus, liquid ammonia readily dissolves 
sodium and potassium bromide. The change in the vap. press., p, of normal soln. 
of ammonia containing C mols. of lithium, sodium, or potassium bromide per litre 
at 25° is reduced : 


c 

0*0 

0*5 

1*0 

1*5 

LiBr, p 

13*46 

13*43 

12*94 

12*35 itim. 

NaBr, p 

J345 

13*95 

14*69 

15*10 inm. 

KBr, p 

13*45 

14*14 

14*89 

15*70 mm. 


Lithium bromide also, like lithium chloride, absorbs considerable amounts (d 
ammonia, forming a series of analogous amiiiino-compounds. Lithium monammino- 
bromide,^ LiBr.NIT 3 , is formed by passing ammonia gavS over lithium bromide, 
heated above 95°, or else by heating one of the higher aininino-compounds above 
this temp. It forms colourless crystals melting at 97 ' ; it remains liquid at 170", 
but above this temp, it loses all its ammonia. The dissociate m })ress. is 73C) mrn. 
at 95*5°, or 806 mm. at 97‘5° ; the thermal value of abvsorption is 13‘293 (Vils. 
The heat of soln. is 6*857 Cals. Lithium diammino-bromide, LiBr. 2 Nil 3 , k formed 
between 87"^ and 95° ; it has a dissociation press, of 655 inm. at 85°, and 847 mm. 
at 90*2°. The heat of formation is 25*937 Cals., and the heat of absorption for the 
last mol. of ammonia is 12*64 Cals. The heat of soln. is 3 ()13 Cal.s. Lithium 
triammino*»bromide» LiBr. 3 NH 3 , is formed between 71 *5° an<l 87° ; its dissociation 
press, is 636 mm. at 67°, and 807 mm. at 7 1 • 8 °.^^ The heat of formation is 37’63 (!!als. , 
and the heat of ab 8 orj>tion for the la.st mol. of ammonia is 11*53 Cals. The heat 
of soln. is 0 287 Cal. Lithium tetrammino-bromide, LiBr, 4 NH 3 , is formed as a 
white, voluminous powder at —18°; its dissociation press, at 56° is 681 mm., 
and at 58*25° — V. Ephraim gives 53*8° 760 mm. "i’lu? heat of formation is 48*098 

Cals., the heat of absorption for the last mole<*iile of aiiimonia is 10*G4 Cals. Tht^ 
heat of soln. ls — 1*548 C-als. 

The chemical properties of the alkali bromides. —According to A. Potilitzin,*^^* 
potassium bromide at a red heat is but slightly attacked by oxygen ; but as 
H, Schulze has shown, the attack is more vigorous if acid anhydrides™ P 2 O 5 , SO 3 , 
etc. — be also present. A. Gorgcii sliowed that ])otas.sium bromide is decomposed 
rather more easily than the chloride when fused with clay or with silica, altliough 
the attack by boric oxide or silica is not vigf>rous. Ihitassium bromate, says 
0. Henry, is formed when the bromide is fused with the cldorate. According to 
W. Reinige, when a soln. of potassium permanganate and potassium bromide is 
boiled, there is very little action, but if sulphuric acid be j)re.sent, some bromine 
is evolved. The action of sulj)huric acid has been j)rcviously discussed in con- 
nection with the preparation of hydrogen bromide by the action of this acid on the 
alkali bromide. According to H. L. Snape,^^ carbt^n tetrachloride, and phosphorus 
trichloride have no action on potassium })roiiiide, while a little potassium chloride 
is formed when the bromide is heated with arsenic trichloride or sulphur mono- 
chloride. H. L. Wheeler prepared hexagonal crystals of compounds of arsenic 
tribromidc with ca?sium and rubhlium bromides- 30 sBr. 2 AsBr 3 , and 
3 RbBr. 2 A 8 Br 3 . J. Nickltk also states that the alkali halides unite with the 
respective bromides of arsenic, antimony, and bismuth. F. Sestini and F. Rudorff 
have studied the com])ouiids of arsenious oxide with potassium halides, and they 
made KBr. 2 Asjj 03 , etc. The compounds 0 BBr.As 2 O 3 and RbBr.A 8203 also form 
well-defined hexagonal crystals. Many other double compounds with the uw^tal 
halides have been reported ; H. L. Wells’ 2 RbBr 2 ,PbBr 2 .iH 20 and RbBr. 2 Pfe%r 4 ; 
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H. L. Wheeler’s 2KBr.T6Br,2H20 ; 2RbBr.TeBr4 ; and 2CsBr.TeBr4 ; A* Chasse- 
vant’s series, MCl2 LiC1.3H20, where M denotes an atom of copper, manganese, 
iron, cobalt, or nickel ; J. F. Aloy’s UCl4.2LiCl. 

A. J. Balard^® knew that chlorine will displace bromine from the bromides 
when in soln., and the result has been shown to be in conformity with the thermal 
data. The reaction is utilized for detecting traces of bromides in the presence of 
chlorides. The action does not occur, says F. W. Kuster, if the chlorine and 
potassium are quite free from moisture. Iodine does not displace bromine from 
the bromides, although hydriodic acid evaporated with potassium bromide forms 
potassium iodide and free bromine ; the displacement with hydrochloric acid is 
incomplete and partial. In the absence of water, the attack on potassium bromide 
at a red heat by hydrogen chloride is feeble. Hypochlorous acid decomposes 
potassium bromide, forming bromate, chlorine, and free bromine. Dry potassium 
bromide absorbs about twice its volume of hydrogen bromide, forming traces of 
what M. Berthelot 39 regards as a potassium hydrobromid6» say, KBr.HBr, or 
KHBr2. M. Berthelot found a little hydrogen is evolved when the potassium 
hydrobromide is heated with mercury. The solubility of potassium bromide in 
water is increased by the addition of bromine ; for moderate cone, about 0*5 mol. 
additional bromide is dissolved for each mol. of bromine added to the water. The 
limit of the solvent capacity of the water was not reached at bromine cone, of 
more than 2000 grms. per litre of soln. ; for exatnple with a soln. of the com- 
position by weight —water 5'4 per cent., bromide 15*1 per cent., bromine 79*5 
per cent. 

In 1828 C. Lowig noticed that a cone. soln. of potassium bromide dissolves a 
large quantity of bromine, forming a dark-brown liquid. The heat of soln. of a 
mol. of bromine in the mixture r)(KBr -( 14H2f >) is 3*53 Cals., and in 6(KBr-f IIOH2O), 
2*7 Cals. I’he soln. can be diluted with water without the sej>aration of bromine, 
but the excess of bromine slowly escapes on exposure to the air or when the soln, 
is heated. The evidence indicating the formation of a polybromide has already 
been discussed. If cqui molecular parts of potassium bromide and bromine be left 
some days in a sealed tube, orange-coloured crystals of what M. Berthelot regards 
as partially dissociated potassium tribromidey KBr^, are formed. The heat of 
formation, says M. Berthelot, is KBr^^oiia 4 Br.2iiq.™KBr3+2*94 Cals. ; or 
KBtgoUd t-IIJ‘2Ka»KBr3 f 10*3 Cals. When a mol. of caesium bromide is mixed 
with a gram-atom of bromine, in a soln. containing three parts of water to one part 
of salt, and the whole vigorously heated until the colour of the bromine disappears, 
crystals of csesium tribromide* CsBr^j. separate from the soln. on cooling. P. Ephraim 
found the dissociation press, of cjesium tribromide to be (18 r»im. at 91*8^ ; 387 mm. 
at 131 ; 655 mm, at 143*5° ; and 760 mm. at 147*5°. II. L. Wells and H, L, Wheeler*® 
also prepared rubidium tribromide, RbBra, by a similar process to that employed 
for the csesium salt. F. Ephraim fouml its dissociation press, to be 87 mm. at 63° ; 
412 min. at 93*2° ; 608 mm. at 101*5° ; and 760 mm. at 105*5°. A scries of dichloro- 
bromides, MBrCL, and a series of chlorodibromides, MBrvCl. have been prepared. 
The m.p., temp, of whitening by decomposition, and the axial ratios of the rhombic 
crystals of the alkali tribromides, and chlorobromides are indicated in Table XXVI. 


Table XXVI. — Alkali Tribromidrs and Chlorobromides. 


RbBr^ . 
CsBr, 
RbBrCl, . 
CsBrCl, . 
RbBr,Cl . 
CsBrjCl . 


M.p. 

Decomposition by 
“ whitening *‘ test. 

1 Axial ratios rt : A : <*. 

wliiteiis 

140“ 

; 0-6952: 1 : 11139 

180’^ 

160" 

; 0-6873 : 1 : 1-0581 

whitens 

140" 

i 0-714(5:1:1-1430 

205° 

j 160" 

0-7180 : 1 : 1-1237 

70° (?) 

110" 

0-70 0.-1: 1-1269 

191° 

! 150" 

, 0-6990 : 1 : — 
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F. Ephraim found the dissociation press, of C88Siuin chlorodibroinidOt CsBrgCl, i 
15 mm. at 54^ ; 317 mm. at 104 ; 024 mm. at 120^ ; and 760 mm. at 124^\ Similarly 
for rubidium cblorodibromide, RbBrod, the dissociation })ress, is 30 mm. at 18 , 
240 mm. at 62^ ; 505 mm. at lO0*r ; anti 760 mm. at 105*5-. The dissociation 
press, of caesium dichlorobromide, CsJkClo, is 45 mm. at Tl)"" ; 228 mm. at 112" ; 
612 mm. at 132*5'’; and 700 mm. at 138^ The dissociation press, of rubidium 
dichlorobromide» RbBrCl^’ 5 yr*)*’ ; 

and 700 mm. at 93". 

II. L. Wells and H. L. Wheeler found that when ciesium bromide is shaken up 
with a large excess of bromine there is no separation of the tribromide as is tli^ 
case when the the(»retical amount of bromine is used. Tlie colour of the suln. is 
lighter than bromine, and the scdn. de]>osits dark-red crystals wlicn evaporated 
spontaneously at O '. Analyses agree with the formula : cfiBSium peutabromide, 
CsBr 5 . The crystals are rather unstable. 
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§ 18. Ammonium Bromide 

Ammonium bromide is formed by the direct union of the two gases ; and by 
the neutralization of hydrobromic a<;id with ammonia. C. F. Bchonbein ^ made it 
along with the hyiK)bromite {q.v.) and broiuatc, when ammonia is treated with 
bromine water until it reacts alkaline — some nitrogen is formed at the same 
time. 

Into a flask containing 220 c.c. of .30 per cent, aqua ammonia coolod by a freezing 
mixture, slowly run 75 c.e. of bromine from a dropping funnel with its stem drawn out to 
a fine point. The liquid should be continuouHly agitated when the ammonia is being 
added, and it sliould also remain strongly ammoniacal when all the bromine has boon 
introduced. Warin the mixture to drive off Ho excos.s of ammonia, and evaporate until 
the liquid c^stallizos. The ciystals arc dried in a porcelain dish over a hot plate* About 
220 grms. of the requirc'd salt can be so obtained. 

As with the corresponding chloride ammonium bromide is also formed in other 
reactions— c.f/. W. Muthmann and E. Seitter found that thiotrithiazyl bromide, 
S4N3Br, is largely converted into ammonium bromide when boiled with water. 
J. Knobloch recommended preparing this salt by first making a mixture of ferrous 
and ferric bromides by the action of bromine on iron ; then preciipitating the iron 
with milk of lime, and decom|K)sing the calcium bromide with ammonium sulphate. 
The clear liquor was freed from the soluble c^alcium sulphate by treatment with 
barium bromide, and the calcium and barium removed by treatment with ammonium 
carbonate. The filtrate was acidified with hydrobromic acid and evaporated. 
C. Rice recommended making ammonium bromide by double decomposition with 
ammonium sulphate. 

The crystals of ammonium bromide agree in all respects with those of ammonium 
chloride. I'hey belong to the cubic system, and the crystals obtained from aq. 
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Boln*,are probably pentagonal icositetrahedrons. According to A, Johmen*^ and 
J. W. Betgera, cubes are obtained from soln. containing urea, chromic chloride, or 
lead chloride or bromide, and trapezobedra with ferric chloride. A. Fock found 
ammonium bromide forms a limited range of mixed crystals with potassium bromide 
to 40 pef cent, of ammonium bromide, 60 per cent, potassium bromide, and to 
98*5 per cent, ammoniutn and 1*5 potassium bromide. X-radiograms of the form 
of ammonium bromide stable at 20^, by G. Bartlett and I. Langmuir, show that 
the space lattice is a centred cube With like ions 3*988 X 10~^® cm. apart, and unlike 
ions 3‘453xl0 cm. apart; while the form stable at 250"^, has a simple cubic 
lattice with like ions 4*88 X 10 cm. apart, and unlike 
ions, 3*45x10 cm. apart. K. C. Wallace found 
that ammonium bromide undergoes a transformation 
into a less polymerized form at 109“, analogous to 
that which occurs with ammonium chloride at 159“. 

F. E. 0. Scheffer obtained a transition between 124“ 
affd 147“ without a catalyst, but with glycerol as a 
catalyst, between 137*3“ and 139*5“ ; no discontinuity 
in the vap. press, p of sat. soln. log p -= —1926*67 ^ 

+6*83(32 wa.s observed corresponding with this tran- 
sition point. The two solubility curves — the one below 
the transition point log j;-^—372*7r~* ^+0*31978 ; 
and the one above the transition point log 293*77“ ^+0*12727, where x 
denotes the mol. fraction of — intersect at 137*4“. P. W. Bridgman gives 

137*8“ for the transition temp., and the effect of press, on this temp, is indicated 
in Fig. 30 and Table XXVII. 
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Table XXVI f. — The TRANSiTJO]>i Tempehaturk of Ammonium Bkomude. 


VteAf\. 

Traiisitiuii 

Change of vol. c.c. 
per gram. 

l^atenf> heat kgnn.» 
metrcH per gium. 

1 

137 * 8 ^ 

0*0647 

3*32 

100 

J 400 ° 

0 0652 

3*28 

.500 

181 IP j 

1 01)659 

3*09 

700 

202 * 0 ^ 

0*0655 

2*99 


The reported values for the specific gravity ^ of this salt range from 
0. H. 1). Bodoker s 2*2(i6 (l()“) to J. 8. Stas 2*456. J. M. Eder gave 2*3270 (15“) 
for the crystallized salt, and 2*3394 (15“) for the .sublimed salt. W. Biltz has studied 
the mol. vol. of this salt. 

Ammonium bromide volatilizes without fusion or decomposition. Ammonium 
bromide sublimes witliout giving any bromine ; but the vapour given off at the 
beginning of the sublimation reacts alkaline, and at the end of the operation, acid. 
The vapour density obtained by H, St. C. lleville and L. Troost ^ is 1*67 at 440“, 
and 1*71 at 860“. The theoretical value for complete dissociation is 1*69. As in 
the case of ammonium chloride, the va))our in H. St. C. Deville and L. Troost s 
experiment was not completely sat. with ammonium bromide, and the system was 
not in equilibrium. A. Smith and R. P. Calvert find the dissociation pressure of 
ammonium bromide to be 760*0 min. at 294*6“, and that the observed results can 
be represented by log 2056*541/7+9*54014 log 7—20*98468. A. Smith and 
R. H. Lombard find the sat. vapour densities in grms. per c.c. ; the percentage 
degrees of dissociation ; the averaged dissociation constants^ K ; and the latent 
heat of vaporization of ammonium bromide from 

f TP/ 2057 ,9*540X0*02419 ,,. 

760 Vo-434372 + 7 / D ^ 
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to be 


Dissoc. press. 
Vap. density 
Degree di-ssoc. 
Dissoc. const. K. 
Latent heat 


300' S20' 840' 360“ 380' 888' 

550 100-5 178-8 310-4 6256 644-4 

0-000130 0-000192 0000348 0000033 0-00110 000142 

lO-l 38-7 31-0 21-7 16-3 8-0 

0-000458 0-000497 9000483 0-000400 0000236 0-000168 

23-6 28-7 27-4 26 1^ 247 24 1 


Consequently, tlie dissociation constant, K, increases to a niaxiniuni at 320”, and 
then decreases. From »1. H. van't Jloff’s equation, d log KldT-^-~-QjRT-, this 
means that tlie term on the right is negative, and therefore Q, the heat of dissocia- 
tion, must I)e positive above 320^, and dissociation wall be accompanied by an 
evolution of heat. The heat of dissociation Q^Aq — and d log KldT= — Aj/lVr- 
+(yjRr”-fryJ¥. does not apply over the range where a change in the sign of Q occurs. 
With hydrogen iodide, the heat of dissociation : exothermal below 

and endothermal above 320^' ; with annnoniiim bromide the heat of dissociation : 

Nlb^, is endothermal below and exotliermal aboye 320^. II. Rassow 
gave for tlie melting point of ammonium bromide, and of mixtures of this 

salt with potassium bromide. G. Barthagavc 235” for the boiling point in vacuo. 

The heat Ol formation of ammonium bromide from its elements, bromine liquid, 
is 81*7 Cals, according to J. Ggier ; ^ 05*36 according to J. I’liomsen ; and 71*2 C'als., 
bromine gaseous, according to M. Berthclot. J. Thomsen found the heat of the 
reaction; NH 3 +JlBr-.'NlJ 4 Br [- 45*03 Cals., and J. M. Kder found the soln. of 
25 grms. of the salt in 50 grms. of water lowers the temp. 10” ; and J. Thomsen 
(1877) gives the heat of solution of a mol. of the salt in 200 mols. of water — 1*4 Cals. 
J. II. Long gives ~-4*38 Cals. S. Arrhenius found the heat of neutralization in 
dil. aq. soln. is 12*4 Cals., the specific heat of a 2*0 per cent. soln. 0*008 at 18”. 

The solubility of ammonium bromide in water has been measured by J. M. Eder,^^ 
and by A. Smith and H. E. Kastlack— the values of the latter are, in grms. of salt 
per 100 grms. of water : 

a’ 10® 20® .'Mr- 40' 00' 80'" 300" 

NHiBr . . 08*0 7rr5 83*2 91 *i 107*8 J20*0 M5*C 


The solubilit ies were carried up to 170” in a sealed tube, and there is a well-defined 
break in the curve at 137*3' . F. E. C. »SchefTcr's equations for the sohibility curves 
have been indicated above. 4 he Specific gravity^ at 15” is 1*0320 for 5 per cent, 
soln. ; 1*0652, 10 per cent. ; 1*1285, 20 per cent. ; 1*1921, 30 per cent. ; and 
1’2920 for 41*00 per cent. soln. A. Smith and H. E. Eastlack found the sp. gr. of 
sat. soln. to be 1*20 at 15”; 100 at 113”; 1’71 at 137”; and 1*70 at 1,58”. 
W. W. J. Nicol, and W. H. Perkin give the interpolation formula for soln. at 20” — 
water unity at 4”— containing w per cent, of .salt, 1 +()*CK)506ir-t-0*0(X)045a;-. 
Soln. of ammonium bromide occupy a greater volume than the sum of the com- 
ponents.® For example, the observed sp. gr. the sj). gr. D computed from 
Z>o=:^100/[(/3i//^i)-h(p2/^2)j7 vvhere /q and /a, respectively denote the percentage 
amount of salt and water in tln^ soln., and and Dj, the corresponding sp. gr. of 
salt and water. 


Tabt.k XXVllT, 


Volume of Exiiansion. 


Per cent, of 
NU^Br. ; 

i 

D 

"o 

j 100 grniK. of Holn. 

Components. 

Observed. 

Per cent. 

10 -81 1 

1-06265 i 

1 1*()()C>9 

i 88*0087 

87*7401 

0*9286 

1*058 

15*31 I 

1-09048 : 

1*0973 

! 86 5351 

85 5590 

0*9761 

1*141 

21*28 

1-12976 ' 

M408 

' 78*2290 ' 

76*5050 

1-6640 

2*173 
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The data, of which the numbers in the last column are but an abstract, lie on a 
straight line, showing that the expansion of soln. of ammonium bromide is pro- 
portional to the cone. ; and smaller than with soln. of ammonium chloride. According 
to W. Ostwald, if m grams of the salt be dissolved in 2000- wi grams of water at 20*^, 
the volume of the fluid increases 47*0 c.c. per mol. (98 grms.). J. Traube calculates 
the mol. vol. of ammonium bromide in soln. to be 44’3 and 44’8, for 25*0 and 40*428 
per cent. soln. when the value for the solid salt is 

The relative mol. compressibility of ammonium bromide in 700 mols. of 
solvent is 0*973, and in 1500 mols. of the solvent, 0*9.51 — vide ammonium iodide. 
W. 0. Kontgen and J. Schneider ^ also measured the surface tension of these soln. 
The viscosity of ammonium l)romid(5 at 25"^ decreases from 0*008867 dynes per sq. 
cm. for 0*2l6iV-soln. to 0*0^^18254 for 2*646xV-soln., and then increases from this 
minimum to 0*008560 with 4'920iV-soln. The res]>cctivo sp. gr. of these soln. are 
1*0121, 1*1414, and 1*2605. The values for r63iV-soln. decrease from 0*0116 at 
lO'’, to 0*0077 at 30", to 0*0056 at 50"". The velocity of diffusion of ammonium 
bromide in aq, soln. is sjnaller than tliat of potassium bromide, and greater than 
sodium bromide. 

(jr. Tammann found the vapour pressure of water is lowered by the soln. of 
ammonium bromide 2*6 mm. for 14*5 grms. of salt per 700 grms. of writer ; 12*8 mm. 
for 60*82 grms. of the salt. L. C. do Coppet found the temp, of maximum density 
of water is lowered 8*7^ per mol. ])er litre. 

O. Reinkoher studied the reflexion spectra for ultra-red rays. According to 
J. H. Gladstone and W. II. Perkin, i- the molecular refraction, dispersion, and 
magnetic rotation of the ammonium halides are : 


NH4CI. 

NH4J3r 

NH4I 


Mol. refraction. 
. 22*33 

. 28*53 

. 39*68 


Mol. dispersion. 
1 *52 
2*49 
4*88 


Mol. magnetic rotation. 
6*090 
10*177 
19*996 


'J'hc electrical conductivity A of soln. of ammonium bromide at 25^" for soln. 
with a rnol. of the salt in litres of water, is : 


V . 

2 

8 

16 

32 

128 

512 

1024 

A . 

. 115*1 

123*0 

127*4 

131*7 

137*9 

141*3 

140*9 

a 

81*7 

87*7 

90*4 

93-5 

97-9 

100*0 

100*0 


The percentage degrees of ionization a arc computed by IT. C. Jones and A. P. West. 
The results agree with S. M. Jolinstun's determinations of the raising of the b.p. for 
JV-soln., but for higher cone, there are indications of hydrolysis. At ordinary 
temp, the amount of h 3 "drolysis is imperce]»tiblc, but at higher temp, the hydrolysis 
is more marked, for example, at the b.p. ammonia gas is given olf. A. Naumann 
and A. Rucker found the degree of hydrolysis of a 2iY-soln. to be ()*()3 per cent, 
at the b.p. J. M. Eder found that when a current of air is passed through the 
aq, soln. at 30'", ammonia is given off, and the residual liquid contains free liydro- 
bromic acid. M. le Blanc found the decomposition potential of a normal soln. 
with platinum electrodes to be 1*4 volt, about 0*2 volt smaller than with the corre- 
sponding com])ound of potassium or sodium. The transport number for the K*- 
and NIi. 4 -ions is almost the same. (). Gropp measured the electrical conductivity 
of a liquid and frozen soln. of ammonium bromide. 

Ammonium bromide dissolves in various organic solvents. alcohol at 

15"" dissolves 2*97 per cent, of the salt ; at 19°, 3*12 per cent. ; and at 78°, 9*50 per 
cent. Methyl alcohol at 19° dissolves 11*1 per cent. ; and ether (sp. gr. 0*729) 
dissolves 0*123 grm. of salt per 1(X) grms, of solvent. G. Tammann and W. llirsch- 
berg have measured the S]). gr. of alcoholic soln. ; and measurements on the lowering 
of the f.p. and the electrical conductivities by G. Carrara and by II. C. Jones and 
C. L. Lindsay show that the salt is considerably ionized in these soln . — vide alkali 
bromides. Similar remarks apply to soln. of ammonium bromide in acetone by 
P. Dutoit and A. Levier, and m for^nic acid by H. Zamiinovich-Tessarin. In the 
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Iftttcr C&S6, the lowering of the f-p*j hut not the electric8>l conductivity, fthows that 
the ionization increases to a maximum and then decreases with increasing dilution 
—e.g, with l-769iV'-, 2-629iV-, and 2*893iV-soln., the degrees of ionization by t]ie 
f’ X>. method are respectively 55, 86, and 73 per cent. The electrical conductivity 
of soil), of ammonium bromide in liquid ammonia have been determined by 
H. P. ('ady,i® and by E. C. Franklin and C. A. Kraus, and the results show (i) that 
although the mol. conductivities are greater than with aq. soln,, the degree ol 
ionization is less because the mobility of the ions is very large ; and (ii) the eip 
conductivity falls from 103*8 at —32° to 2*93 at 133°. The initial increase is ascribed 
to the increased mobility of the ions which is always augmented as the temp, rises ; 
again, as the solvent apijroaches its critical state, the ionization decreases, and the 
decrease from the one cause overpowers the inciease from the other cause when the 
temj). exceeds 10°. 

Ammonia was found by L, Troost to unite with ammonium bromide, forming 
a series of ammino-compounds whicli are analogous with the corresponding ammino- 
compounds of ammonium (diloride ; and they are formed in the same manner. 
Ammonium ammino-bromide, HBr.2NH3, is formed when pulverulent ammonium 
bromide is exposed to ammonia gas below 5°. The vapour tension is 90 mm. at 
—27° ; 350 mm. at 0° ; 775 mm. at 14*8° ; and 1660 mm. at 31°. The absorption 
of ammonia may continue until a liquid ammonium triammino*bromide, 
H4NBr.3NH3, or IIBr.dNHs, which when rapidly cooled to 
about —20°, forms a mass of rhombohedral plates whiidi 
melt at 6° (L. Troost), or 8*7° (H. W. B. Koozeboom). 
The dissociation press. N.H4Br.3NIl3;F^NH4Br.NH3 | 2N1I3 
is 162 mm. at — 21° ; 577 nun. at O'" ; 770 mm. at 5° ; and 
815 at 6*5°. The curve AB, Fig. 31, represents the dis- 
sociation j)ress. of NH^Br.SNHs ; at B, there are two 
possibilities, for the oompound may form the monammino- 
compound, NH4Br.NU3, eurve BE, and a liquid whose 
emxiirical composition may be represented by Nlf4Br.w.NH3, 
where x decreases continuously with rise of temp, until it 
])ecomes unity, at the iii.p. of the monammino-compound. 
The curve EB may also pass into the luetastable region 
BD. At B (6*5°, and iSlo nun.) the two solid xdiases, 
NH4Br.NH3 and Nll4Br.3NH3, the liquid phase, mijir 
42*63NH3, and gaseous NII3, are in equilibrium. The second possibility is rejmv 
sented by the curve BC, whicli represents a system with solid ammonium triaminino- 
bromide, and a liquid j)hase Nll4Br.wNIl3, where n increases with a rise of temp, 
until liquid and solid have the same composition, and this state is represented by 
the point (7 (8*7° and 1140 mm.), tbe m.p. of the triammiiio-compound. The curve 
CG represents a mixture of the tri- and a higher ammino-compound. The curve 
BZ represents the equilibrium condition between the two solid phases and a soln. 
of NH4Br+wNH3. J. Kendall and J. (j. Davidson studied the f.p. curve of 
mixtures of ammonia and ammonium bromide ; they isolated the triammino-salt 
with an m.p. 13*7°, but obtained no evidence of an hexammino-salt. L. Troost 
prepared crystals of ammonium hexammino-bromide, NH4Br.6]SlH3, or HBr.TNHs, 
which freezes at —45°, and melts at - 20°. The dissociation press, at —32° is 
540 mm. ; at —25*3°, 700 mm. ; at —21*8°, 835 mm. ; and at —2*8°, 1745 mm. 

According to M. Berthelot,^^ ammonium bromide unites with hydrogen bromide, 
forming a compound- possibly ammonium hydrodibromide, NH4Br.HBr— which 
in contact with mercury gives off hydrogen. Much heat is evolved when a soln. 
of 9*8 grms. of ammonium bromide in 13-93 grms. of water is treated with 8*39 grins, 
of bromine ; and on evaporation of the soln., over cone, sulphuric acid, rhombic 
or monoclinic crystals with the colour of potassium dichromate are formed. These 
crystals have a composition corresponding with ammonium tribromid6» NH^Br^. 
The compound is formed during the electrolysis of a cone. soln. of ammonium bromide 
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—there is no risk of forming nitrogen bromide analogous to the explosive nitrogen 
chloride formed when a soln. of ammonium chloride is treated in the same manner. 
Ammonium tribromide at ordinary temp, loses bromine : NH 4 Br 3 ==NH 4 BT+Br 2 
when exposed to the air for one or two hours ; and the loss is rapid at 50®. F. Ej>hraim 
gives for the dissociation press,, 20 mm. at 17® ; 159 mm. at 60*4° ; 475 mm. at 
84*2® ; and 670 mm. at 92*3®. Ammonium tribromide is easily soluble in water, 
and the soln. smells strongly of bromine. The bromine can be removed from 
the soln, by a stream of air, by extraction with chloroform, or carbon disulphide. 
H. W. B. Roozeboom also found evidence of the formation of a higher poly- 
bromide — possibly ammonium pentabromidCt NHiBrg— from the heat developed 
by the action of bromine on the tribromide, but the compound was not isolated. 
C. L. Jackson and I. H. Derby reported that ferrous hexammino-iodidc, Fel 2 . 6 NH 3 , 
abvsorbed large quantities of bromine to form a reddish-brown powder soluble 
in ether. When the ethereal soln. is evaporated, ammonium bromoiodide, 
NH 4 lBr 2 , rejnains as a lustrous green powder— blood-red in transmitted light, and 
green in reflected light. The same compound is formed by the action of an ethereal 
soln. of iodine bromide on ammonium bromide. It readily decomposes on exposure 
to the air, forming, it is said, ammonium bromide. F. Ephraim found the dis- 
sociation press, of NH 4 TRr 2 to be 65 mrn. at 107® ; 204 mm. at 134® ; 465 mm. at 
1654® ; and 40 mm. at 161®. yiniilarly for ammonium chlorodibromida, NH 4 ClBr 2 , 
the dissociation press, is 70 mm. at 18*5® ; 310 mm. at 41*5® ; 608 mm. at 54® ; 
and 680 mm. at 55*8®. 
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§ 19. The Alkali Iodides 

The history of the iodides dates from tlie time of J. L. Gay liUssac s discovery ^ 
of hydriodic acid in 1813. Iodides occur in sea-water, and in the waters of many 
natural springs and brines. Iodides also occur in vare^; in the nitre l)eds of 
•South America ; and in many' natural plunsphates. In whatever form iodine ociairs 
in these substances, it is irsual tu extract this elemeid as iodine, and subsecpKudly to 
convert this into the iodide — generally j)otassiuni iodide. J\>tassiuni iodide is 
used in analytical and j)hotographical Avurk, and medicinally for the treatment of 
scrofulous, rheumatic, and syphilitic diseases. Hodiuin iodide is used as a ju’c- 
cipitant for gold and silver in the treatment of Aveak (u)j)piT ores from Tharsis, etc. 

The preparation of the alkali iodides.- V. Mnz and W. Weitli- found ihat 
metallic sodium may be melted with iialine Avitliout any marked interaction even 
at there is but a superiicial change. fSimilar results were obtained with 

bromine, rotassium, however, unites Avitli iodine under the inlluence of a slight 
press., and with iodine vapour union is attendi‘d by the evolution of heat and 
light. Iodine vapour also drives some oxygen from red-hot j)otaSvsium hydroxide. 

The alkali iodides were first made by J. L. Gay Lussacy^ in 1813, by the action 
of an aq. sola, of hydriodic acid on potassium hydioxide, or carbonate, and tlie 
cone, of the soln. to the crystallizing |)oint by evaf>oration. 3’he process with 
hydriodic acid is expensiAT, but it is the most direct, and it gives a pure product. 
It is therefeu’e preferred fur tlie rarer alkali iodides. 

The alkali iodides can also be made by dissolving iodine in the alkali hydroxide 
to form a mixture of iodide and iodate : (ilvOl 1+3^2 -3 lvI~hKIOjj +31120. The 
soln. is evaporated to dryness, and calcined in glass, porcelain, fireclay, or cast-iron 
vessels up to the point at which oxygen ceases to be evolved.4 The residue is 
leached with water, and the soln, CA^aporated to the crystallization temp. If large 
masses of soln. are evaporated slowly, very fine crystals are produced. The crystals 
are dried on hot j dates in a current of air. There is a slight loss of iodine by decrepi- 
tation and volatilization during the evaporation and cahunation. The reduction 
of the iodate is facilitated by mixing powdered (diarcoal ^ with the cone, soln., 
and after the evaporation to dryness, and calcination, extracting the mass with 
water, and proceeding with the soln. as before. The preparation of iodide by the 
potash process is recommended by the British rharmacopceia. The potash-lye 



THE ALKALI METALS 


597 


ought to have a high purity since most of the impurities in commercial potassium 
hydr(;xicle remain with the iodide and are not separated by recrystallization. A 
start is tlierefore made from commercial but highly purified potassium carbonate ; 
this is causticized with lime, and then treated with iodine. C. Mohr recommended 
sugar or starch in place of charcoal, and also suggested the use of ferrous iodide 
for reducing the iodate. E. Turner reduced the iodate with hydrogen sulphide 
and filtered off the dissolved sulphur. R. Schindler condemns E. Turner’s recom- 
mendation, for lie says tliat some iodine is lost with the sulphur, and the final 
product is contaminated with sulphur. P. Chiappe and 0. Malissi recommended 
reducing the iodate with iron filings ; and J. N. von Fuchs heated an intimate 
mixture of iodine (IOC)), water (240), potassium carbonate (75), and iron (30) until 
the evolution of carbon dioxide had ceased. The dried product was calcined at a 
dull red-heat, and the iodide extracted with water. 

The iodine can be first converted into a mt^tal iodide and the product treated 
with a potassium salt — e.g. potassium (carbonate, sulphate, or hydroxide — ^to pre- 
cipitate the heavy metal. The. soln. of potassium iodide so formed is then evaporated 
in the usual way. J. von Liebig*^ converted the iodine into barium iodide by 
adding baryta water to a warm soln. made by adding iodine to warm water in which 
red phospliurus is suspended. Barium phosphate precipitates, and a soln. of 
l)ariuin iodide is formed. J. R. AVagner added iodine to a slip made of barium 
sulpliite and hydroxide. J. von Liebig, and M. Pettenkofer used lime in place of 
baryta. A. le Royer and J. B. A. Dumas made zinc iodide by the joint action of 
iodine, water, and zinc : and precipitated the zinc as carbonate by potassium 
carbonate, CC Langbeiii treated the iodiferous mother liquors from the Chili 
saltpetre wurks wdth a copper salt, and after washing the precipitated cuprous 
iodide, treated t-lie cuprous iodide susjicndcd in water with hydrogen sulphide. 
The resulting h}'drio(lic acid was neutralized with potassium carbonate, and 
(^vay)oratod for crystallization. Any sul[)hiu: \vhieh separates during the evaporation 
is removed. G. 8. Stu'ullas prepared antimony iodide by heating an intimate 
mixture of the two elements. The ])o\vdered iodide was decomposed by hot water 
wliercby a soln. of liydriodic at'id and a ])recij)itate of antimony oxyiodide was 
formed. The clear lirpior was neutralized with })otassium carbonate, and the 
soln. of potassium iodide evaporated to crystallization. A. Cailliot, S. Baup, 
el. von IJcbig, and others prepared ferrous iodide by the, joint action of iodine, iron, 
and water, and decomposed the [uoduct by treatment with potassium carbonate. 
This is the principle of the ])resent-day yuocess for the manufacture of this salt, 
and the ])roc.ess is illustrated by tlie following method of Y>r^paration : 

Shake about 8 grins, of iron lilinga with 50 e.c. of water in a .small ilask and gradually 
add 25 grms. of iodine in small quantities at a time while keeping the mixture cool. The 
mixture is then warmed, and when all the iodine has reacted with the iron the soln. of 
ferrous iodide has a deep yellow colour. Decant the liquid from the excess of iron, wash 
with a little Avuter, and add 5 grin.s. more of iodine .so as to oxidize the ferrous salt and 
subse(piently furnish a precipitate which filters ea.si]y. AVarm the soln. until all the iodine 
is dissolved, and y>our the mixture of ferrous and ferric iodide into a boiling soln. of 17 grms, 
of potassium carbonate in 50 c.e. of water. Carbon dioxide is copiously evolved, and a 
mixture of ferric and ferrous hydroxides is forim^d which makers the mixture very thick, 
but on further heating the pve'cipitaio coagulates. If a little of the liltered soln. is not 
colourless, more potassium carbonate is required. Evaporate the liltrate until crystalliza- 
tion begins, and allow the soln. sulisequently to evaporate .slowly by placing it in a warm 
place. Drain the crystals in a funnel, wash with a veiy little cold water, and the mother 
liquid may bo further evaporated for another crop of crystals. In all, from 25 to 35 grins, of 
potassium iodide can be so obtained. 

J. von Liebig’s modification avoids the slow soln, of iodine, and the troublesome 
frothing by the escape of carhon dioxide in the later stages of the reaction, A 
soln. of T2 parts of iodine, 3 of iron, and 32 of water is mixed with a soln. of 0 parts 
of iodine in 12 jiarts of potash-lye of ap. gr. 1*345, and finally \vith 9 partwS of the 
same liquid. The mixture is boiled, filtered, and evaporated to dryness. The 
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soluble iodide is leached from the iusolubJe ferric oxide, and eryatallized. The 
vroduct is free from iodate, and the yield is good. (X Hesse converted the n..,, 
iodide into calcium iodide by treatment with milk of lime, and then treated 
boiling soin. with potassium sulphate, and allowed the mixture to stand for . ix 
hours? The clear liquid was evaporated to crystallization. 

0. Taddei^ prepared potassium iodide by adding a dil. soln. of potassiiui 
monosulphide to an alcoholic soln. of iodine. In place of potassium sulpliid. . 
J. von Liebig and C, Wittstock used barium sulphide, prepared by calcining sul})hat < 
with coke. According to R. Schindler, the products obtained by the sulphid** 
process are contaminated with sulphur compounds. G. S. Scrullas treated potassiuib 
antimoniate (prepared by calcining tartar emetic) with an alcoholic soln. of iodin<‘ 
as long as tlie soln. was decolorized. The filtered soln. was evaporated to tli*’ 
point of crystallization. 

Potassium iodide can also be obtained from the aq. extract of kelp or from tin* 
mother li<[uid remaining after the separation of sodium chloride and potassium 
sulphate from sea-water by evaporation. In E. Allary and J. PelJieux’ ])rocess,^ 
the liquid is evaporated to dryness and roasted in a special furmuie so as to avoid a 
loss of iodine. The product is fractionally extracted with cold water, when a soln. 
is obtained which on evaporation gives a residue with oO per cent, of alkali iodide. 
This product is extracted in a special digester with 50 per cent, alcohol. The solvcmt 
dissolves little more than the iodides. The alcohol is distilled off, and on eva})ora- 
tion a residue containing about M per cent, of potassium iodide, and 6b per cent, 
of sodium iodide is obtained. To convert the latter into potassium iodide, the 
proper quantity of a soln. of potassium carbonate is added and carbon dioxide 
passed into the liquid whereby sodium bicarbonate is precipitated. The pre- 
cipitate is separated by a filter jiress, and the .small amount of sodium bicarbonate 
remaining in the soln. is separated by the addition of a little hydrochloric acid 
and the sodhim chloride and potassium iodide separated by fractional crystalliza- 
tion. In E, ISonstadt's process, the mother liquid is treated with chlorine mixed 
with potassium chlorate or permanganate so as to convert the iodine into iodate. 
A soln. of a barium salt is added, and the barium iodate treated with potassium 
sulphate. Barium sulphate is precipitated, and the soln. of potassium iodate is 
evaporated to dryness and cahuned to convert the iodate to iodide. The latter is 
purified by crystallization. 

The impurities of potassium iodide. - The pota.ssium iodide used for medical 
purposes should contain no iodate since this salt is poisonou.s ; it should not there- 
fore be compounded with anything liable to form an iodate- e.ff, ])otassium chlorate. 
J. Ijepage recommended purifying yiotassium iodide by digesting i grins, with 55 
grms. of 92 per cent, alcohol, and after .standing 24 hrs, most of the impurities Avill 
remain undis.solved. Most of the likely impurities arc easily detected. I’he 
presence of iodate is detected by adding tartaric acid which liberates hydriodic acid 
from tlie iodide and this reacts with iodate liberating iodine. The addition of a 
little sfarch paste witli the tartaric acid shows up the iodine as blue starch iodide.*^ 
H. N. Morse and W. M. Burton removed iodates by boiling a soln. of the iodide 
with zinc amalgam prepari'd by agitating zinc dust with mercury in the presence 
of tartaric acid, and subsequently washing with water. The filtrate is free from 
zinc, mercury, and iodates. FT Schering has reported the presence of lead in 
commercial potassium iodide, C. Daudt reported siilpinles ; and F. A. Fliickiger 
cyanides derived from tlie cyanogen impurity of iodine. R. Schindler found 
sulpho-organic substances, derived possibly from the use of alcohol and hydrogen 
sulphide in some obsolete processes of preparation. Potassium iodide should not 
lose weight on drying owing to the loss of water. The presence of sulphates is shown 
by the soln. giving a precipitate insoluble in nitric acid when treated with barium 
chloride. The presence of a trace of carbonate is shown by a cloudiness or turbidity 
with lime or baryta water, soluble in nitric acid. If an appreciable quantity of 
carbonate be present, the .salt will have an alkaline reaction, it will be deliquescent, 
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and it will not dissolve in six parts of cold alcohol of sp, gr. 0*85. According to 
C. Meinecke, carbonates can be removed by shaking the soln. with zinc iodide, 
and filtering from the precipitated zinc oxide. The presence of chlorides is shown 
by precipitation with silver nitrate, and agitation with ammonia. The ammoniacal 
soln. should give no precipitate with nitric acid. The potassium iodide of commerce 
nearly always contains some sodium or potassium chloride — a good commercial 
sample is reported with 0*2 per cent, of potassium chloride, 99*5 of potassium 
iodide, and the remainder water. 

The properties (A the alkali iodides. — The alkali iodides all crystallize in well' 
defined cubic orsatals frequently en tremies. According to R. Warrington, when 
deposited from alcoholic soln., potassium iodide is deposited in long needle-like 
crystals; opaque crystals are obtained if deposited from hot soln., or from soln. 
containing potassium carbonate. J. W. Retgers found that cubic crystals arc 
obtained with soln. containing a little urea ; chromic or ferric chloride ; or lead 
chloride. H. Schwendenwein discussed the space lattice of the alkali iodides. 
K. Fajans and K. F. Herzfeld estimated the distances apart of the atoms in the 
space lattices of sodium, potassium, and rubidium iodides to be respectively 
3*231x10^®, 3*527x10“*, and 3*672 XlO^*® cm., and the respective lattice 
energies to be 146'7, 139*1, and 135*8 Cals, per mol. E. Newbery and H. Lupton 
found that potassium iodide is coloured brown by exposure to radium emanation, 
but no trace of free iodine can be detected when the crystal is dissolved in water. 
The crystals glow with a bluish light during the exposure. M. Trautz obtained 
a glow of light on precipitating hot sodium or potassium alcoholate with hydriodic 
acid ; but he says it is not due to crystalloluiuinescence but rather to the action 
of alcohol on iodine. E. F. Farnau obtained a faint glow on precipitating potas- 
siujn ioditle with alcohol, and H. B. Weiser verified this observation and obtained 
good results at 25° ])y precipitation with hydriodic acid of sp. gr. 1*595. 
E. F. Farnau claimed to have obtained crystalloluminescence with sodium iodide, 
but H. B. Weiser obtained negative results. 

The specific gravity of lithium iodide is 3*485 (23°), according to F. W. CIarke.^3 
For sodium iodide, P. A. Favre and C. A. Valson give the sp. gr. 3*654. The older 
determinations of the sp. gr. of potassium iodide, range from the 2*850 of H. Schiff 
to C. J.B . Karsten’s, 2*908 ; H. Buigiiet’s, 2*970 ; J. Y. Buchanan’s, 3*043 (23*4°) ; 
E. Filhol’s, 3 056 ; L. Playfair and J. P. Joule’s, 3 048 to 3 070 ; H. G. F. Schroder’s, 
3*077 to 3*083 ; P. F. G. Boullay's, 3*104 ; W. Spring’s (fused), 3*012 (20°), and 
after subjection to a press, of 20,(KJO atm., 3*110 (22°), and after a repetition of the 
compression, 3*112 (20°) ; B. Gossner gives 3*124 ; J. A. Craw, 3*091 ; and 
M. Sprockliolf, 3*131. G. Quincke gives 3*076 for the sp. gr. of potassium iodide 
at 0°, and 2*497 at the m.p. For rubidium iodide, C. Setterberg gives 3*567 ; and 
M, Sprockhoff, 3*131. G. Quincke gives 3*076 for the sp, gr. of potassium iodide 
at 0°, and 2*497 at the m.p. For rubidium iodide, C. Setterberg gives 3*567 ; and 
M. Sprockhoff, 3*564. For csesiiiin iodide, C. S(?tteTberg gives 4*537 ; and M. Sprock' 
hoff, 4*539. G. P. Baxter and C. C. Wallace’s data may be regarded as embodying 
the best representative values for the salts named : 


Temp. 

Lil 

Xal 

KI 

Rbl 

C8l 

70-ir 

. 4038 

— 

— 


4*480 

50*04^ 

4 048 

3*653 

3*114 

3*542 

4*493 

2500^ 

. 4061 

3*665 

3*123 

3*550 

4*509 

0® . 

. 4*074 

3*677 

3*133 

3*560 

4-525 


Some volume relations, mol. vol., and sp. gr. of the molten halide salts have been 
indicated previously. J, M. Jager gives for the sp. gr. D of the molten sodium 
iodide at d° (water at 4° unity), Z)=:2*698-~O*OO1O61(0— 7(X)) ; potassium iodide, 
£>=2*431 -0*001022(0-700); rubidium iodide, £>=2*798-0*001107(0-700); and 
caesium iodide, /?=3*176— 0*001222(0— 640). K. Fajans and H. Grimm studied 
the mol. vol. of the alkali iodides. G. Quincke’s value for the oapiUftry constAllt 
of molten potassium iodide is ; and the surface tension, 59*3 dynes per 
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c.m. J. 31. gives the values indicated in Table XXIX, for the sp. .,r. the 
surface tension {ero;s per cm.), and the mol. surface energy (ergs per s<|. [--i,) 
the molten ioflides. 

Table XXIX.—Svecific Gravities and SimvACK Tensions of the Alkali 



Tonip. 


Surface 

tenstou. 

Sp. gr. 

/ Mol. surface 
' energy. 

Temp ( . 

•' per d(‘gi 

XaJ 

1 705 *5 , 


85 0 

2*692 

1 1 

! 3248*2 1 

0*29 

SOV-T^ . 


771} 

2 527 

' 1180^4 

0(}3 

KI J 
1 



70-2 

2-302 

1269 8 ! 

l'i)H 

S73^ 


GG*5 

2*225 

1169*6 ' 

0*67 

Bbl 1 

()7:V4° . 


70-4 

2*827 

J4I37 

0*95 

10 IG' 


55-4 i 

2-448 i 

1085*7 1 

0*95 

Csl 1 

053 0^ . 


731 i 

3* 158 

1382*5 ! 

0*82 

1030^ 

. 

51-1 I 

2*699 * 

1073*0 

0*82 


T. W. Richards and (r. Jones' value for the compressibility of sodium iodide is 
C'9 xl<>~^ megabars, and of potassium iodide, 8*6 xR)"*® megabars. For the etieci 
of pr(‘ss. on the sp. gr. of a potassium iodide, vide the alkali chlorides. 

The melting point of anhydrou.s lithium iodide is 1*10 ', aecording to \V. Ramsay 
and N. Eumor£o])oulos,i‘'* 440 ’ ±5*5' according to T. (‘arnelley, and according 
to (t. Scarpa, 'rhe first named also give (ibS ’ for tin* m.p. of sodium iodide ; 
y. Meyer and W. Riddle give bOri ; N. S. KurnakoiT and y. K. Scliemtscluiscliny 
give biiO"' ; G. Scarpa gives bbf) ’ ; H. Brand gives 055 ’ ; ,J. MeCrae give.s 095 ’ ; (). Rulf 
and VV. IMato give 050^ ; and K. lliittner and G. Tammann give 0r){)'\ For 
])otassium iodule, V. 3teyer and W. Riddle give OSt T ; J. 3IeOac gives 725"; 

G. Scarjia gives <>95 ' ; N. S. KurnakoiT atul S. F. SclnmitseJuisclmj" give 095‘' ; 

H. Rassow gave 081 r' ; O. RuiT and \V. Plato give 705 '; II. Brand giv«‘s <>78 ; 
and K. lliittner and G, Tammann givi* 080 5 For rubidium iodide, V. Meyer and 
W. Riddle give 01 I/O ' : and (^armdley, (M2 . For c;esiiim iodide, V. 3I(‘V(‘r and 
AV. Riddle give 021''. (’onscMpient ly, the tndtimj point of the alkali halideh' with auJi 
'particahfr lialofjen decreases n:ith iverensinff ationic freifjht of the alkffli metal /row 
sodium to cersium, and the wdtinp point of the lithimn, salt is less than that of the, 
sodium salt. Thus, the best representative values from some divergent- data are : 



Li 

Xft 

K 

n.b 

Cs 

Chlorides . 

. ()i;r- 

801* 

77.‘C 

714° 

645“ 

Hroinidos . 

. 547' 

760'" 

730“ 

685'^ 

.. . 

Iodides 

446^ 

752' 

698° 

642“ 

621“ 


Hence, also, the 'tneltrnrj point of the halide (f amj particular alkali metal decreases 
With rrwreasi ng atomie, ireu/ht oj the halntp n. G. Sear[)a found that the binarv system 
lithium hydroxide and iodide gives a entectie at with 15 mols. per cent, of the 
hydroxide; a break at •110’ (Corresponds witli the formation of unstable lithium 
tctrahydroxyiodide, I LiOII.Lil ; the system sodium h}'droxide and iodide gives a 
decornpusidde compound- probably sodium diliydroxyMri-iodiile, 2NaOH.5Nal ; 

±V^tem of potassium hydroxide and iodide gives a simple cutcctio at 250" 
with 73 mols. per cent, of K(Jif. The general r( 3 suit.s with the alkali hydroxides 
and the correspoiuiing halides of tlie same, metal show that the tendency to form 
compounds increases on ])as,sing from potassium to lithium, or with the decreasing 
electro-aflinity of tin* ions. The general results are summarized 


LiOH 

NaOH 

KOK 


Fluoiidcs. Clihirido.^. 

SS 2LiOH.3LiCI 
SS ^'N 

aS* .s\s 


UnMiUdos, 

SLiOH.LiBr 

V 

V 


Iodides. 

4LiOH.Lir 

2Na01{.3NaT 

V 


where V denotes a simple eutectic, S tlie foruiatiou of mixed crystals in any pro- 
portion, and >SaS the formation of mixed crystals with a break. L. H. Borgstrom 
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gives 1350° for the boiling point of sodium iodide, and 1420° for potassium iodide ; 
and G. Bartha respectively 610° and 570° in the cathode light. 

According to R. Schindler,*® potassium iodide volatilizes in free air when heated 
to the softening temp, of hard glass, and, according to R. Bunsen, and T. H. Norton 
and D. M, Roth, it volatilizes from 0*352 to 0*423 times as fast as the same quantity 
of sodium chloride when heated in the hottest ])art of a Bunsen’s flame. Ac('.ording 
to J. Dewar and A. Scott, the vapour density of potassimn iodide is 169*8. 
A. von Weinberg obtained 43*3 Cals, for the heat ol sublimation of sodium iodide, 
and 44*9 Cals, for that of potassium iodide ; and A. Reis obtained for sodium and 
potassium iodides respectively 51 a»id 46 Cals., and between 15 and 36 Cals, for 
lithium iodide. 

d'he specific heat of sodium iodide is 0*0881 between 26° and 50° according to 
J. II. Schiiller,!® and, according to 11. V. Regnaiilt, 0*0868 between 16° and 99°; 
and for potassium iodide, 0*0819. .1. N. Bronsted gives for the sp. ht. of the alkali 

iodides between 0° and 20° : 

Nal KI Rbl CrI 

8p. ht. . . . 0*0821 0*0741 0*0581 0*0477 

Mol. ht. . . . 12 :U 12*30 12*34 12*39 

F. Koref obtained for the sp. ht. and mol. ht. of sodium iodide between — 191*8° 
and —81*3°, respcctivoR^ 00740 and 11*10; and between 0° and '™76*4°, 0*1170 
and 12*01. Similarly fur potassium iodidp between —191*0° and “—80*1°, respec- 
tively 0*073 and 1 1*17 ; and Ijotween O ' and — 77 1°, 0*735 and 12*21. A. Bodisco 
gives the heatot formationof litluum iodide from its elements Li+I^ras — Lils<,iid“f 
Cals., 82*8 Cals. ; for sodium bromide, 69*08 Cals. ; for potassium iodide, 84*1 
Cals. (M. Bertholot), 80*13 Cals. (J. 'rhoiusen) ; and, according to N. N. Beketoff, 
for Ctcsium iodide, 86*564 Cals. A. von Weinberg gave 129*0 Cals, for the heat of 
dissociation of lithium iodide ; 120*9 Cals, for that of sodium iodide ; 126*6 Cals, 
for potassium iodide ; 127*9 (-als. for rubidium iodide ; and 129*8 Cals, for caesium 
iodide. 'J'hc heat of neutralization, NaOHaq+Tllaq=^L3*68 Cals. ; KOIIaq fTIIaq 
— 13*58 (^als. The heat of solution of lithium iodide is 11*8 Cals. ; sodium 
iodide, 1*30 (^al. (M. Rerthelot), 1*22 Cal, (J. Thomsen) ; potassium iodide, 
—5' 11 (^als. (,f. Tliomsen), -—5*32 Cals. (M. Bcrthelot), and IM. Bertholot and 
L. llosvay de Nagy llusva give for the heat of soln. of a mol. of potassiuni iodide 
in 200 muls. of water at a temp. 0 as -5*18+36(0-15) Cals. The heat 
of soln. of cteshim iodide is — 8*164 Cals., according to N. N. Beketolf. The heat 
of hydration : Nal+2HoO- Nal.2H./)+5*23 to 5*30 (^als. 

The alkali iodides are very soluble in water ; the solubilities of lithium, sodium, 
UTid potassium iodides in 1(J0 grms. of water arc as follo^vs : 



0“ 

10° 

20^* 

40® 

6(r 

80* 

100" 

Lit 

. J51 

157 

165 

171 

202 

263 (75°) 

. — 

Nal . 

. 158*7 

1G8‘6 

178*7 

205 

250*8 

290 (80°) 

302 

KL 

. 127*.3 

J 30 

144 

100 

170 

192 (80°) 

208 


The values for lithium iodide are by V. Kremers ; the others ari‘. by V, Kremers 
(1856), A. Etard, and L. C. de Coppet.2® The solid pliase for sodhim iodide from 
148 at — 20° to 293 at 05° is the diliydrated salts; above this temp, anhydrous 
sodium iodide is the solid j)hase, at 120° the solubility is 310. and at 140°, 321. 
L. C, de Coppet gives the inter])olation formula for the solubility S of sodium 
iodide, from 65° to 140°, in 100 gnus, of water : S=-264'19+O*39780 ; and A. Etard 
for 0° to 80°, per KX) grjns. of soln. aS~ 61 *3+0*171 20, and from 80° to 160°, 
S— 75+0*02580. The values for potassium iodide are by L. C. de Co|)pet, A. Etard. 
W. A. Tilden and W. A. Shenstone, ¥. A. IT. Schreinemaker, and A. Meusscr. The 
solid phase with potassium iodide is tlie anhydrous salt, at — 10° the solubility is 
115*1 ; at -5°, 119*8; at 110°, 215; and at 120°, 223. L. C. de (^oppet gives 
the interpolation formula for the solubility S of potassium iodide at 0° from — 22° 
to 120°, per KX) grms. of water : ^'=126 *23 +0*80880 ; and A. Etard from 0° to 
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165®, per 100 grms. of soln. : iS=55-8+0 122(9. According to T. Reiflsdg, 100 gnns. 
of water at 6 9® dissolve 137’5 gnns. of rubidium iodide, and at 17 4°, 152'0 grms. 
H. W, Foote gives the solubility of caesium iodide at —4® as 27*68 per cent., at 35*6®, 
51*48 i)er cent. ; and N. N. Beketoff says 100 parts of water at 0° dissolve 44 parts 
of caesium iodide ; at 14®, 56*3 parts ; and at 61®, 160 parts. Lithium iodide forms 
at least three hydrates.2i At temp, below 75°, trihydrated litiuom iodide, Lil.SHgO, 
appears to be the stable form. This hydrate forms deliquescent needle- like crystals 
which L. Troost supposes to lie monoelinic crystals. This hydrate melts at 72® or 
73°. It is not altered over sulphuric acid at 0® ; and it cry8talli7.es imchangerl from 
hydriodic acid or from alcohol. It loses water at 120®, and boils at 200°. The 
transformation points have not been precisely determined, the trihydrated salt 
melts at 73® without losing water, and near this temp, it passes into dihs^ated 
lithium iodide, LiI. 2 H 20 ; and this at about 80® forms mouohydrated lithium 
iodide, LiI.H20, which, at about 300°, forms the anhydrous salt. Consequently, 
with these approximations, the transition points of the hydrated lithium halides are : 

2H,0 H,o 

l.iC1.3H,0 -15" ^1-5° 9 V “->• LiCl 

LiUr.SH O 3-5' 44° 169° LiBr 

LiI.3H,0 -» 7.5° 80° 300° Lil 

The hydrates of sodium iodide 22 resemble those of sodium bromide. Dihydrated 
sodium iodide, NaI.2H20, is stable over the range — 13*5® to 65° ; at the latter 



Grm.Hdt per/oo^rms. cfnrdSer 

Fia.. 32. * — Equilibrium 
Ciu'ves of Sodium Iodide 
and Water. 
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Frti. 33. — Solubility Curves 
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temp., the dihydrated salt and anhydrous sodium iodide are stable ; and the 
former temp, is a transition point bc'twecn [>entahyd rated sodium iodide, NaI.r>H 2 t)> 
and tho dihydrated salt. These facts are summarized in .Pig. 32. According to 
W. Meyerholler, the eutectic temp, between the pentahydrated salt and ice is 
-“31*5''. Potassium iodide forms no hydrates, and, according to F. Guthrie, 
the eutectic temp, is - -22” with soln. of 108*5 grrns. of iodide in 1(K) grms. of water ; 
R. Kremann and F. Kcrschbaum give — 23*1” with 109*2 grms. of the iodide in 
100 grins, of water. The eutectic temp, are respectively — 11”, — 13”, and — 23”. 
H. W. Foote’s value for the eutectic with ice and eiesivim iodide is —4”, with 38’3 
grms. of Csl in 100 grms. of water. The .solubility curves of potassium chloride, 
bromide, and iodide in water are shown in Fig. 33. R. Abegg and A. Hamburger 
give for the solubilities of the alkali iodides at room temp. : 

Lil KI Rbl Cfil 

12*0 115 8-4 71 2*7 

mols. per litre. 

The specific gravities of soln. containing n grms. of the alkali halide per 100 
grms. : 


N 
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Lil (19'.5°) . 

. i 038 

1*079 

1*172 

1*280 

1*414 

1*675 

1-777 

Nal (16°) . 

. 1 040 

1*082 

1*179 

1*294 

1*432 

1*600 

1-810 

KI (19-6°) . 

. 1 *038 

1*078 

1*066 

1*271 

1*396 

1*646 

1-784 
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A soln. of lithium iodide eat. at 20® has a sp. gr. 1*8. The values for lithium, 
sodium, and potassium iodides are by P. Kremers and 6. T. Gerlach.^^ F. Kohl- 
rausch has also measured the values for the sodium salt ; and H. Schiff for the 
potassium salt^at 21®. P. Kremers has calculated the volume changes which occur 
in these soln. between 0® and 100®. G. P. Baxter has measured the sp. gr. of soln. 
of the five alkali iodides, and compared the observed mol. vol. of the solids with 
those computed from the at. vol. of the elements, and with the mol. vol. of the 
salts in soln. 

C. Forch’s values for the coefficient Of thermal expansion of aq. soln. of potassium 
iodide per litre, are for soln. with 83 grms. of salt per litre : 0*0(X)083 (0®~5®) ; 
()‘0(X)146 (r>®-10®) ; and 0*()0040() (35®-40®) ; for soln. with 166 grms. of salt per 
litre, the numbers are : 0 (XK)173 (()®-^5°) ; 0*000221 (5®-10®) ; and 0 000427 (2e^®- 
40®) ; and for soln. with 332 grnis. per litre, tlic numbers are : 0*0(X)298 {0®~5®) ; 
0*000323 (5®~10®) ; and 0*()(X)471 (3r)'^-40'"). T. Reissig says that the sp. gr. of a 
soln. of 0*1 grm. of rubidium iodide per c.c. is 1 *0755 ; and 0*05 grm. per c.c., 1*0353 ; 
and H. Erdmann gives the sp. gr. of a cold sat. soln. as 1*726. N. N. Beketoff 
says the sp. gr. of a sat. soln. of caesium iodide at 14® is 1*393. The coeff. of 
linear expansion of crystals of ])otassium iodide, by H. Fizeau, is a^0*000042653 
at 40®. The coeff. of cubical expansion of crystals of the alkali halides, determined 
by G. P. Baxter and C. C. Wallace : 

Nal Kl Hbl Csl 

0^ to 2.5'" . . 0 000135 0*000122 0*000112 0 000146 

25® to 50®. . 0*000136 0*000114 0*000092 0-000146 

The coefficients ol diffusion of 0*6, 1*9, and 5*4A^-soln. of potassium iodide at 
10® is, according to J. Schuhmeister, respectively 1*12, 1*25, and 1*45 per sq. cm. 
per day.^'i 8. Arrhenius’ value for the viscOSity of soln. of potassium iodide is 
0*912 at 17*6® — a value less than for water. F. Korber has measured the effect of 
press, on the viscosities of soln. of the alkali bromides as indicated in Table XIV. 
P. B. Davis has discussed the phenomenal lowering of the viscosity of soln. of 
rubidium and caesium iodides in glycerol. T. W. Richards and G. Jones found 
the compressibility coeff. of solid sodium iodide at 20® between 100 and 500 atm., 
to be 7*0x10““® megabars, and of potassium iodide, 8*7x10“"® inegabars. 
W. C). Rdntgen and J. Schneider measured the compressibility of soln. of lithium 
and potassium iodides ; M. Schumann of sodium iodide ; and H. Gibault, and 
P. G. Tait, of potassium iodide — vide ammonium iodide. 

According to P, Kremers, the boiling point of a sat. soln. of sodium iodide is 121®, 
and G. T. Gerlach 27 found that a soln. of potassium iodide with 30 grms. of potassium 
iodide per 10(.) grms. of water boiled at 102®, with 134 grms. of potassium iodide 
at 110®; and with 22(3 grms. of this salt, at 118*5®, and G. J. Mulder found a sat. 
soln. with 222*6 grms. of salt in 10(3 grms. of water boiled at 118*4®. The mol. 
raising of the b.p. of aq. soln. containing (3*199 mol. of sodium iodide per kilogram 
of water is 0*96®; and with 1*588 mol. of the same salt, 1*102®. The mol. 
rise in the b.p, increases with increasing cone., while the ionization hypothesis 
•nmpheUer requires the converse relation. Hence it is inferred that the salt is 
increasingly hydrated as the cone, of the soln. increases. A. Schlamp 28 found for 
soln. with 0 260 mol. of potassium iodide per kilogram of water, a mol. rise of 0*98®, 
and with 0*313 mols., 1*27®. Here again effect of the hydration of the solute is in 
evidence. According to G. Tammann,2o the vapour pressure of water at 100® 
IS lowered 16*5 mm. by the soln. of 10*05 grms. of sodium iodide in 100 grms. of 
water, and 244*6 grms. of this salt lower the vap. press. 535*6 mm. Analogous 
results were obtained at other press, with lithium, sodium, and potassium iodides. 
At 0®, 0. Dieterici found the vap. press, of a soln. with 33*2 grms. of potassium iodide 
I? of water, to be 4*316 mm., and with 124*5 grms. of the salt, 3*474 mm. 

y. Rudorff found the f.p, of water containing a gram of the dihydrated sodium 
iodide per 100 grins, of water is lowered 0*216® ; and a gram of potassium 
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iodide, 0-21 2. The mol. lowering of the freezing point of aq. soln.ao 0 0759 mols. 
of lithium iodide in a kilogram of water is O ^Tf)", and with 0-7480 mqls., 3 082'-. 
This rescmhles the re.sults w'ith lithium chloride and bromide, and is taken as 
cvi<lenoc of the hydration of solute or of ions, or both. The mol. lowering of the 
f.p. of aq. soln. containing 0-0651 mols. of potassium iodide is 3 5“, and with 1-00.-’. 
mols., 3*37'\ 

The specific heat of soln. of two eq. of sodium iodide in 50, 100, and 200 eq. 
of water botween 20'' and 52'', is respectively ()-8092, 0*8864, and 0*9388 ; and for 
[jotassium iodide, 0*7153, 0*8301, and 0*9063 respectively, and for the same salt 
l^etvvoen 16^ and 120'\ 0*8760. 0*9280, and 0*9596. J. Thomsen found 0*950 to be 
the sp. ht, of a soln. of a mol. of potassium iodide in 200 mols. of water at 16°. 

The refractive indices /i of crystals of potassium, rubidium, and caesium iodides 
have been measured by II. Topsoe and C. Christiansen, JI. Sprockhoff, and 
H. Erdmann,’^- and the values for the halides of these throe alkali metals may be 
summarized. 


Tablk XXX. — ^Thk Refractive Indices of Some Alkali Halides. 


Potassiimi 

Rubidium 

Ciosiuni 


C'lino. 

D-Iine. 



A’-Iino. 


01 Br 1 1 

Cl Br 

1 

Cl 

1 Br 

1 

! 

1*4865 : 1*5548 ! 1*6593 

1*4896 1 l*.5r>96 

1 *6674 

1*1076 

1 

1 1*5716 

1*6880 

1*4903 , 1*5483 | 1*6397 

1*4936 ' 1*5528 

1*6474 

1*5016 

i 1*5646 

1*6672 

1*0377 1 1*6924 - 1*7784 

1*6418 , 1*6984 

l-787() 1 

1*6523 

! 1*7126 

1*8118 


0. Bender has measured the refractive indices of soln. containing w gnus, of sodium 
and ])otasaium iodide ])er lU) c.r. of water at 18 for tlic difierent spectral lim‘s. 
For the i)-line, when 14*954, (/x—/>to)/5c“ 00014 lO ; and 'f/;— 59 816, 

(/X— /io)A<'’—0’001377. Similarly, for soln, of jiotassium iodide, when u'-- 16*562. 
(/X— 0'(K)1272 ; and when /c-^49*686, (/x— /Xo)//r -0*001237. U. V. Ba.xler 
has made some careful measurements of the refractive ijidices of sola, of lithium, 
sodium, and potassium iodides, M. le Plane and T. Ruhland give tlie refractive 
index of potassium iodide 1 ()()66, the sp. gr. 3 091, and the mol. refraction of the 
solid, by Gladstone and Dale's formula, is therefore, 35*80, and by Lorentz and 
Lorenz's formula, 19*98. Similarly, 9*35 jier cent. soln. with a sp. gr. 1*0726 have 
the refractive index 1*3457 ; and 11 *35 per cent. soln. with a sp, gr. 1*3487, 
/x~l*3487. The corresponding values by Gladstone and Dale's forimda are 
respectively 36*38 a)id 36*55 ; and by Lorentz and Jjorenz's formula 21*22 and 21 *28 
respectively, so that the soln. (»f the solid in water increases its mol. refraction. 
B. 0. Dannien also measured the refractive index of solid potassium iodide, as well 
as in aq. and alcoholic soln. 

W. Gstwald's values*^'* for tJie electrical conductivity A of soln. of lithium, 
sodium, and potassium iodides at 25'", and P. Waldeji’s for rubidium iodide at 0°, 
for a mol. uf tlie salt in v litres of water, are : 


Lil 

Nal 

KI 

Rbl 


32 

64 

128 

103*8 

106*4 

111*6 

112*7 

116*5 

119-7 

J37 0 

140*8 

144-.3 

74*6 

76 *.5 

78*4 


256 

512 

1024 

112*0 

114*0 

114*5 

122*8 

125*7 

127*0 

147*1 

148*8 

160 0 

80*2 

80*6 

82*3 


F. M. Jager and B. Kampa measured the mol. conductivity, /x, of potassium iodide 
at d between 691*5° and 814° to be /x=-85*41 +0*1564(0—700). P. Walden studied 
the relation between the viscosity and conductivity of soln. of potassium and sodium 
iodides. 1 . Kohlrausch has also measured the sp. gr. find sjiecific conductivities of 
soln. of potassium iodide of various cone., and conqiuted the degree of ionization, a. 
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i\ Kuhlrausch and il. vou Steimvehr find for a O lXXilA'-soln., a iej ^0 per cent. ; 
for O'OOlA-soln., a==97*8 ; for O OlA'-soln., a=94 2; for 0*lA-soln., a=86*9 ; 
and for l*0A^-soln., a=79*l per cent. The temp, coefi. of the conductivity between 
IS"" and 52'' is, according to S. Arrhenius, for O GOlA-soln., 0 0231 ; for 0*0lA"'SoIn,, 
00225; for 0*lA-soln., 00221 ; and for 0*5A-soln., 00207. ior “,~A"‘Soln. at 
35'', S. Arrhenius computes the heatof ionization to be — 910 cals. The transport 
number for the anions of 0‘05xV-soln. of potassium iodide at 25“ is 0*505 ; W. llittorf 
found 0*511 for 0*7iV- to 2A-soln., and 0*192 for 0‘035A’'''Soln. at 3'\ The transport 
number of potassium iodide has been determined by many others. J. Kuschel, 
and G. Carrara measured values for lithium iodide ; W. llittorf, P. Walden, and 

C. Dcnipwolff, for sodium iodide ; B. 1>. Steele, P. Walden, and C. H. Burgess and 

D. L. Chapman, for potassium tri-iodide. O. Groj^p measured the effect of temp, 
on the conductivity of solid and frozen soln. of sodium ibdidc. For the effect of 
prt‘ss. on the electrical properties, vide alkali chlorides. A. Reis found the free 
energy for the separation of the ions of K1 to be 141 kilogrin. cals, per mol. ; for 
Nal, 158 ; Lil, 163 ; and lor III, 305. S. W. Serkoff measured the conductivity 
of lithium iodide in methyl alcohol ; P. Walden, of sodium iodide in acetonitrile ; 
P. Dutoit in acetone, benzonitrite, pyridine, acetophenone. J. C. Philip and 
H. K. Courtman, B. B. Turner, J. Fischler, and P. A\ alden of potassium iodide in 
methyl or ethyl alcohol; J. C. Philip and H. P. Courtman in nitromethane ; 
P. Dutoit in acetone. II. C. Jones, of rubidium iodide in formaniide. S. von 
Lasezynsky and S. von Gorsky, of potassium and sodium iodides in pyridine. 
A. Ileydweiller found the dielectric constants of powdered and compact potassium 
iodide to be respectively 3*tK) and 5*58. 

According to K. von Hauer, a soln. of potassium bromide sat. at 15'^ deposits 
almost all its bromide when repeatedly heated and cooled with an excess of potassium 
iodide ; and potassium iodide dissolves in a sat. soln. of jiotassium chloride almost 
as (‘oi)iously as in water. A. h]tard has measm*ed tlie mutual solubilit}' of potassium 
bromide and chlorid(‘, ]K)tassiunu*hlorideaiKliodido, and potassium bromide and iodide, 
and found that the sum of the salts dissolved can usually be represented as a straight 
line when plotted with temp., and the vanishing point where the water has dis- 
ajipeared, coincides with tlie m.p. of the constituent with the lower ni.p. The 
solubility of the ternary system : f)otassiuiu chloride, bromide, and iodide, could 
not be determined as a functujn of temp, because the three salts cannot exist 
simultaneously in a sat. soln. — the chloride remains undissolved in the presence of 
the other two salts. G. J . Mulder (1861) found that tlie solubility of potassium iodide 
is diminished in the presence of potassium sul])hato. J. N. Bronsted measured the 
solubility of potassium iodide in soln. of potassium hydroxide of different cone, 

A. Gerardin measured the solubility of j^otassium iodide in alcohol of 

different cone, at 18''. He found KX) grms. of the aq. alcohol dissolved 

Per cent, alcohol . 5 2 9 8 23 0 38 0 59*0 80 0 91*0 

Grams KI . . 130*5 U9*4 100*1 70*9 48*2 11*4 6*2 

According to P. Roliland, 1(X> grms. of meilujl alcohol dissolve 10*5 grms. of potassium 
iodide at 20*5*' ; ethyl alcohol, 1*75 gnus. ; propi/l alcohol, 0*46 grm. ICK) grms, 
of absolute methyl alcohol at 22*5° dissolve 77’7 grms. of sodium iodide ; absolute 
ethyl alcohol, 43*1 grms. ; at ordinary temp. 100 grins, of methyl alcohol of sp. gr. 
0*799 dissolve 83*3 grms. of sodium iodide ; ethyl alcohol, sp. gr. 0*810, 58*8 grms. ; 
and propyl alcohol, sp. gr. 0'816, 26*3 grms. H. C. Jones has shown tliat the mol. 
wt. of potassium, sodium, and ammonium iodides in methyl and ethyl alcohol, by 
the b.p. method, agree with the assumption that in the former solvent the salts are 
approximately 50 per cent, ionized, and in the latter, 25 per cent. Ihe vaj). press, 
determinations of these same soln. by O. F. Tower and A. F. 0. German are in 
agreement with 11. C. Jones' observations. 

Olycol at 0® dissolves 31*03 i)or cent, of potassium iodide, and at 25®, 33*01 per cent., 
and the soln. have the respective sp. gr, 1*3954 and 1*3888. At 15*3® glycol also dissolves 



606 


INORGANIC AND THEORETICAL CHEMISTRY 


28 per cent, of lithium iodide. Sodium iodide is very soluble in aceteme, and 100 gnus, 
of the solvent dissolve 3*08 grms. of sodium iodide at ; 2 38 grms. at 22"" ; 2 03 

grms. at 25® ; and J *21 grms. at 56® ; and P. Walden found at 0®, acetone dissolves 2105 
per cent, of potassium iodide, and at 25®, 1-302 per cent. — the sp. gr. of the two soln. are 
respectively 0-8227 and 0 7986 ; 100 c.c. of acetone dissolve 0*960 grm. of rubidium 
iodide at 0®, and 0-674 grm. at 25®. J. W. McBain and F. C. Coleman made an extensive 
study of the pi-operties of soln. of sodium bromide in acetone. The mol. wt. is normal ; on 
the other hand, with lithium iodide S. W. Serkov found evidence of the formation of c^omplox 
salts. AcetonitrUf at 0® dissolves 2*259 per cent, of potassium iodide, and at 25®, 2*003 
per cent., and the two soln. have the respective sp. gr. 0*8198 and 0*7938. The saim^ 
.solvent at 0® dissolves 22*09 per cent, of sodium iodide, and at 25®, 18*43 per cent. 100 c.c*. 
of acetonitrile dissolve 1*478 grms. of rubidium iociide at 0®, and 1*350 grms. at 25 '. 
PropionitrilcoX 0® dissolves 0*0429 per cent, of potassium iodide, and at 25®, 0*0404 per cent., 
and the two soln. have the respective sp. gr. 0*8005 and 0*7821. The same solvent at 
0® dissolves 9*09 per cent, of sodium iodide, and 6*23 per cent, at 25®. 100 c.c. of pru- 

pionitrile dissolve 0*274 grin, of rubidium iodide at 0®, and 0*305 grm, at 25®. BenzonitrUv, 
at 25® dissolves 0*0506 per cent, of potassium iodide, and the soln. has a sp. gr. 1*007(). 
NUromethane at 0® dissolves 0*3 15 per cent, of potassium iodide, and at 25® 0*307 per cent., 
and the respective sp. gr. are 1*1627 and 1*1367, the same solvent at 0® dissolving 0*34 per 
cent, of sodium iodide, and at 25®, 0*48 per cent. 100 c.c. of nitromethano at 0® dissolve 
1*219 grms, of lithium iodide, and at 25®, 2*519 grms. 100 c.c. of nitrometlmno dissolve* 
0*567 grm. of rubidium iodide at 0®, and 0*518 grm. at 25®. 100 c.o. of furfural at 25 

dissolve 45*86 grms. of lithium iodide. Furfurol dissolves 25*1 per cent, of aoclium ioditl<»; 
and 4 ’94 per cent, of potassium iodide^ — the last-nami d soln, has a sp. gr, 1 2014. 100 e.e. 

of furfurol dissolve 4*930 grms. of rubidium iodide at 25®. Benzaldehyth at 25® dissolve's 
0*328 per cent, of potassium iodide, and the soln. has a sp. gr. 1*0446. Salicylaldehydf^ 
at 0® dissolves 1*093 per cent, of potassium iodide, and at 25®, 0*483 per cent-, and the soln. 
have the respective sp. gr. 1*1501 and 1*1373. Anisylaldehydc at 0® dissolves 1 *355 per cent, 
of potassium iodide, and at 25®, 0*644 per cent., and the soln. have the respective sp. gr. 
1*1223 and 1*1 180. Mrthyl cyanoacHate at 0® dissolves 2*827 per ccMit. of potassium iociide, 
and at 25®, 2*165 per cent., and the soln. have the respective .'^p. gr. 3*2.56 and 2*450, Kthy) 
cyanoaaicUv- at 25® dissolves 0*0013 grm. of potassium iodide per 100 c.c. of soln. 100 gnus, 
of glycerol dissolve 40 grms. of potassium iodide at 15*5®. Pyridine kit 10® dissolves 0*26 per 
cent, of potassium iodide, and at 119®, 0*11 per cent. According to M. Stuckgold, a litre 
of et kylur ethane t at 00®, dissolves 0*35 mol. of potassium iodide and 0*192 mol. of rubidium 
iodide. O. Aschan fomid that 95 per cent, formic acid liberatcK ioditio from sodium iodide 
in the cold, but potassium io<lide is stable. 

A few properties of soln, of potassium iodide in watcu’ and in absolute methyl 
alcohol have been compared by W. Ilerz and G. Anders at 25°. lh(3 solubility 
in grms. per litre are respectively 1029*8 and 132*0 grins. ; the sp. gr. 1*7204 and 
0-90187 ; the relative viscosities 11 93 and 0*872 ; the specdic electrical conduc- 
tivities 0*4812 and 0*0368; and the eq. conductivities 77*() and 40*1 respectively. 
P. Dutoit and A. Levicr have measured the electru-al conductivities of soln. of sodium 
and potassium iodides in acetone ; M. G. Levi and M. Vogliera in j)yridinc ; 
II. C. Jones, C. G. Carroll, and E. C. Bingham the conductivities and viscosities of 
sodium and potassium iodides in various solvents. M. Centnerszwer found the alivali 
halides do not dissolve in liquid cyanogen, but tliey do so in li([uid liydrogen cyanide. 
Soln. of potassium iodide in lit[uid hydrogen cyanide, have nearly four times the 
conductivity of soln. of this salt in water, the dielo{!tric constant of this solvent is 
also greater than water, and lienee the agreement with J. J. Thomson and W. Nernst'.s 
hypothesis of the cause of ionization. R. Lespieau obtained concordant results 
with the f.p. method. G. Bruni and A. Manuelli have measured the f.p. of soln. 
of potassium iodide in succinic nilrile and in acetanride, and the results agree with 
the assumption that ionization is complete in acetamide ; the electrical conductivity 
is a maximum with a dilution of 30—40 litres per mol. ; and the transport number of 
the anions in this solvent, 0*60, is rather greater than in water. 

P. Walden 8® found that soln, of potassium iodide in liquid sulphur dioxide 
have an eq. conductivity at 0® of 44*5 reciprocal ohms when a mol. is dissolved 
in 15*3 litres ; and of 99*0 in 760 litres — ^these results are rather smaller than with 
water. Similar results were obtained with sodium iodide 30*2 with a dilution 
i>r:^18'6, and 35*1 with 60. The raising of the b.p. of soln. of sodium iodide in 
liquid sulphur dioxide gave almost twice the theoretical value for the mol. wt. of 
Nal. With an ionized salt, the mol. wt. would be less than the theoretical value. 
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Hence it is inferred that the effect of ionization is marked either by polymeri- 
zation : 2NaI;r^Na2l2, or by the formation of complexes between solute and 
solvent : NaI+wS02=NaI.nS02. Sulphur dioxide was found by C. J. J. Fox to 
be more soluble in soln. of sodium or potassium chloride, bromide, and iodide, and 
of rubidium iodide than in water alone ; in sodium chloride soln. it is less soluble. 
This fact, in conjunction with 1^. Walden’s observations (1899), is taken to mean 
that the iodides of sodium, potassium, and rubidium unite with sulphur dioxide to 
form complex salts, and P. Walden and M. Centnerszwer isolated a compound 
pota s sium t6trasulphon4odide« KI.4SO2, in red crystals by cooling a soln. of sulphur 
dioxide in a 20 per cent. soln. of potassium iodide. The f.p. of sulphur dioxide is 
depressed slightly from —72*7^ to a eutectic, and then rises to a maximum at — 23‘4° 
with about 8 mols. per cent. ; during this period yellow crystals of a compound, 
potassium tessaradecasulphon-iodide, KI.I4SO2, are formed. The curve then rapidly 
falls to a second eutectic at about —33°, and rises to a second maximum at 0*26°,. 
corresponding with the formation of red crystals of the compound KI.4SO2. No 
sign of potassium monosulphon-iodide, KI.SOo, reported by E. Pechard, was 
observed on the f.p. or on the vap. press, curve ; corresponding complexes, with 
sodium, ammonium, barium, calcium, and silver, were also reported by E. Pechard. 
The name aulphone was suggested for these bodies by P. Walden and M. Centnerszwer. 
F. Ephraim and T. Kornblum obtained lithium monosulphon-iodide, LiLSO^, and 
lithium disulphon-iodide, Lil.2S02, the former at 0°, tlie latter at lower temp. ; 
he also obtained red sodium disufphon-iodide, Nal.2S02, at 0°. and pale yellow 
sodium tetrasulphon-iodidey NaI.4S02, in a freezing mixture, and he also obtained 
the corresponding red potassium compound, as well as lemon-yellow rubidium 
tetrasulphon-iodide, RbI.4S02, melting at 13*.5° ; and canary-yellow cSESium 
tetrasulphon-iodide, CsI.4S02. The dissociation temp, also determined. 

R. de Fourcrand and F. Taboury claim to have made sulphones of the type MI.3SO4, 
where 31 represents an atom of sodium, rubidium, or ea3siuni ; but F. Ephraim doubts 
this. 

According to F. 0, Franklin and C. A. Kraus,^® liquid mmnonui readily dissolves 
sodium and potassium iodides. The partial press, of ammonia in solr . of potassium 
iodide at 25°, as measured by R. Abegg and II. Ricsenfeld, Is raised from 13*45 mm. 
of water to 13*28, and 14*88 mm. for 0*5A’^-, iV-, and l*52V-soln. respectively. 
H. M. Dawson and J. McCrae have showui that the distribution of ammonia between 
water and chloroform is generally lowered by the addition of various salts of the 
alkali metals and ammonium which they tried — halides, nitrates, chlorates, oxalates, 
sulphates, carbonates, hydroxides ; this means that the solvent power of aq. soln. 
of the alkali salts is in general less than that of pure water — lithium chloride, 
ammonium bromide, and sodium iodide act in the opposite way. The other halide 
salts of lithium were not tried. The change produced in the partition coeff. by the 
halides, at 20°, is as follows : 



K 

Na 
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Li 
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— 

— 

Bromides 
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Chlorides 
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The increase produced by lithium and sodium halides is supposed to be connected 
with the formation of complex salts. 

Potassium iodide is coloured sky-blue when heated in a sealed tube with the 
vapours of potassium or sodium. The salt is also coloured by cathode rays.'*^ 
The decomposition of soln. of the alkali iodides by exposure to radium radiations, 
and ultra-violet light increases with increasing cone. A. Kailan supposed the 
radiations decompose the undissociated iodide liberating iodine and hydrogen both 
in acid and in alkaline soln. Aq. soln. of the alkali iodides are neutral, but, as 
0. Loew iiag shown, the soln. gradually acquires a yellow colour and an alkaline 
reaction when kept for say 8 to 10 days ; if air be excluded, the soln. remained 
colourless for 4 months. A. Houzeau attributed the effect to the presence of traces 
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of ozone in the air. M. Vidun believes that liglii alone, not air, effects the change. 
A. R. Leeds found a sola, acidified with hydrochloric or sulphuric acid is decomposed 
in.sunlight with tlie separation of iodine, and that the quantity of iodine so liberated 
is pro}>ortional to tlie cone, of the soln. and the time of exposure. 1 he slow decom- 
position of solii. of potassium iodide lias been attributed to the c^arbon dioxide in 
the air which dis])laces a little hydriodic acid, wliich in turn is decomposed by tJie 
light, and M. Battandor that the silica dissolved by the water from glass vessels 
plays the same role as carbon dioxide. In some recorded observations, it is not 
clear if the iodide was quite free from iodate, whicli facilitates the decomposition of 
potassium iodide*. G. Pa])«asogali found that purified potassium iodide soln. are 
not decomposed by carbon dioxide, but Ihey are (lecompos('d if iudat(*s be jireseiit, 
the ])resence of alkali carbonates retards tJie reaction. (I. ra[>asoga]i also found 
that liglit- direct or indirect — does not decompose the iodide, or a mixture of the 
iodide and iodate. As M. A. Houzeau has shown, ozonized air readily decomposes a 
soln. of j)otassium iodide, but C. Engler and A. Nasse observed no sign of a chemi<*al 
reaction when dry ozone acts on dry ]»otassium iodide. effect of ozone on soln. 

of potassium iodide has been discussed in connection with ozone, and hydrogen 
peroxide. According to C. Weltzien, the last-named n‘agent forms j)olassium 
hydroxide and iodine. V. L. Bohnson studied the catalytic d(*coinj)osition of 
hydrogen peroxide by sodium iodide in various solvents. 

When potassium iodide is heated in a stream of air at 2e‘>n \ or melted in a stream 
of carbon dioxide, some iodate is produced ; and at 4<K) -oi () M. Berthelot^-* found 
a little oxygen is ahsf)rbed and the iodate is formed. ('onse(]U(*ntly, the displace- 
ment of iodine by oxidizing agents is elVee.ted mainly when the iodide is in soln. 
R. Schindler found that when water vapour is [lassed over heated potassium icaiide, 
hydrogen iodide and potassium hydroxide are formed. yVecording to C. h\ Selidn- 
bein,44 crystals of potassium iodide are coloured yellow by sulphur dioxide and 
the colour fades away on exposure to air; the yellow (‘olour )>roduced in soln. of 
potassium iodide is not removed by exposun* to air, by jmtassium hydroxide, or 
by ammonia. Liquid sulphur dioxide dissolves the ioffides, forming 3'ellow soln. 
The ac,i<l anhydrides — sulphur trioxide» silica» boric, arsenic oxide, chromic oxide, 
and ferric oxide * -at a red heat in air, form the coi res[)onding [)otassium sa lts and 
liberate iodine, »Sul])hur trioxide or fuming sulphuric, acid gives hydrogen sulphide, 
sul])hur, sulpliiir dioxide and iodine, potassium sulpJiate is formed. 11. .lackson 
represented tlie reaction when the sul|)linric acid is juvsent in large excess by 
the equation : 2K[+3iIi>S()4- -U I ytL-|'2KJISt)4 ! 211.^0; ami wli(*n there is just 
sulliciont sulpliuric acid to satisfy the polassinm iodide: 8K 1 +1)11.^804 ---IILO 
-fld.H-KTo+HKHSD.i. To fullil these reactions it is ma^essary, liefore bringing 
the two bodies into contact, that the sulphuric acid be boiling so as to fill the 
upper ])art of the flask with sulpljuric acid vaj)uur, and thus ensure tlie complete 
oxidation of the hydrioilic- acid first formed. 

Hypochlorous acid converts ])otassium iodide int<.) tlic chloride, iodate, and 
iodine. According to 0. W. l:tem})el, potassium permanganate transforms acid or 
neutral soln. into iodates : Kl+2KMn04-i-.IL(J.^ KlOyH ^lvOHd ^MnO^. V. F. Molir 
found potassium ferricyanide oxidizes a cone. .soln. of potassium iodide liberating 
iodine and forming the ferrooyanide, the reverse reaction occurs iu dil, soln. ; if 
barium liydroxido is present, liurium iodate is formed. When }K>tassium iodide is 
melted with potassium cMorate or potassium nitrate, or with barium nitrate or 
barium dioxide, it is oxidized to the iodate. Accoriling to A. Vogel, a mixture of 
ammonium chloride and ])0tassium iodide alisorbs moisture fronr moist air, and 
becomes brown ; if tlie mixture be heated, amimmium iodide and iialine arc given 
off’ while a mixture of potassium chloride a.n<l iodide remains. J. P. Emmet 
obtained similar results with ammonium nitrate. F. Ephraim found that lithium 
tetrammino-iodide has a dissociation pre.ss. of 7G0 mm. at The alkali halides 

readily unite with many other salts, forming additional compounds. Compounds of 
arsenious oxide with the alkali halides have been described by Jl P. Emmet — 
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2 KI. 3 As 2 O 3 .H 2 O — and E. Harms — ^ 2 KT. 6 KAs 02 . 3 H 20 and KI. 2 As 2 O 3 .KOH. 
U. Schiff and F. Sestini supposed these products were mixtures. F. Rudorii 
described the compound KI. 2 AS 2 O 3 , and H. L. Wheeler the series 3 CsX. 2 A 8 X 3 
and CSX.AS 2 O 3 , where X represents an atom of the halogen, chlorine, bromine, 
or iodine. 

The polsriodides» and the chloro- and bromo-iodides.— An aq, soln. of one of 

the alkali iodides dissolves considerable quantities of iodine,^® and this the more, 
the greater the amount of iodine in soln. Thus, at T, soln. of potassium iodide 
dissolve the following proportions of iodine : 


Per cent. KI 

1-802 

4-628 

7-201 

10-036 

11-893 

12-643 

Per cent. I 

M73 

3-643 

6-037 

8-877 

11-182 

12-060 

Sp. gr. . 

1*0234 

1*0668 

1-1112 

1-1037 

1-2110 

1-2293 


The increased solubility is due to the formation of polyiodidcs, and evidence of 
the existence of iodides as high as the enna-salt, Kl^, lias been previously discussed. 
The tri-iodides of potassium, rubidium, and caesium have all been isolated. The 
m.p., temp, of whitening, and the axial ratios of the. crystals of potassium, rubidium, 
and cfesium tri-iodides are indicated — ^Taldc XXX I — lAde Fig, 19, 2 . 19, 16. 


'PABiiK XXX f.- -The Alkaih 'I'ri-iodides. 




M.p, 

Oecom position 

1 by whitening. | 

Sp. «r. 

Crystal system. 

Axial ratioR a : h : c. 

Kl, . . 

38° 

■ 225° ’ 

3-498 (15°) 

j monoclinic 

1 : 1-4154: 


Kbl, . 

i ]!)()“ 

' 270° 

4 -03 (22°) 

rhombic 

0 -(S858 : 1 

: 1-1234 

Cals 

201°-208'’ 

j 330° ; 

j rhombic 

0-6824 : 1 

: 1-1051 

_ 



_ _ - ... 

1 

1 

, . . ___ 


In 1877 G. S. Johnson ^9 prepared crystals of potassium tri-iodide, KI 3 , by 
saturating an aep or alcoholic soln. of potassium iodide with iodine, and evaporating 
the soln. slowly over sulphuric acid — the first <Top of crystals were cubes of potassium 
iodide coloured with iodine ; in some days, dark blue, almost ])lack, lustrous crystals 
belonging to the monoclinic .system were formed, which, on analysis, Jiad a com- 
position corresponding with KI 3 , 11. L. \WIls and H. L. Wheeler obtained similar 
crystals by dissolving the theoretical amount of iodine in a hot sat. soln. of potassium 
iodide, and exposing the resulting soln, to a. winter's temp. F. Ephraim found 
the dissociation jircss. rose from 80 mm. at 91"', to 261 mm. at JSl'^, to 695 mm. 
at' 169'’. Rubidium tri-iodide, llbT 3 , and caesium tri-iodide^ t\sl 3 , were prepared by 
H. L. Wells and H. L. Wheeler in a similar manner. The two latter tri-iodides 
crystallize in the rhombic system. The crystals of all three tri-iodides are black. 
F. Ephraim found the dissociation press, of caesium tri-iodide rose from 20 mm. 
at 159 to 160 mm. at 206'", to 345 mm. at 237^". There arc two distinct curves 
which intersect at 207*5°, the m.p. By extra jmlation, the dissociation press, is 
760 mm. at 250°. For rubidium tri-iodide, the dissociation press, at 166° is 
300 mm. ; at 173*5°, 376 mm. ; at 182°, 515 mni. ; at 196°, 600 mm. ; and at 
2(X)*5°, 7(.)0 mm. The salt melts hetween 182° and 196°. The ca*sium salt is 
very sparingly soluble in water — 1 (K) c.c. of soln. contained 0*97 grin, of CSI 3 
at 20°, and the sp. gr. of the Ihpiid is 1*151 ; 100 c.c. of soln. contained 161 
grins, of Itbis, and the sp. gr. of the liquid was 2*19. M. Berthelot found tlie 
heat of formation of potassium tri -iodide : Kl-l-Io^Kls, is zero with both con- 
stituents solid, with gaseous iodine the heat of formation is 10*8 Cals, at 0 °, and 
with the salts in soln. and gaseous iodine. 10*2 Cals. The electrical conductivity 
and lowering of the f.p. agree witli the assumption that the tri-iodides are 
salts of a liydrolriAodic acid, HI 3 , with tervalent iodine atoms : 
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Ceesium dicbloro>iodide, CsICle, is made by adding a gram-atom of iodine to a 
s(»]n. of a mol. of caesium chloride in ten times its weight of w^ater. Xhe liquid is 
. heated nearly to boih'ng and chlorine pa,ssed into the liquid until the iodine just 
dissolves. On cooling, pale orange rhombphedral oiystalsof caesium dichloro-iodide 
are obtained. If an excess of chlorine is used ccesium Mrachloro-iodide, CSICI4, 
is. formed. If a large excess of caesium chloride be present in soln. deep orange 
rhombic crystals arc formed. R. \V. G. Wyckoff could not make the rhombic 
crystals ; he found the sp. gr. of the rhombohedral form to be 3'86, and the X- 
radiogram shows the space lattice is a body-centred rhombohedron in which the 
ca sium atom is placed either at the centre or corner, and the iodine atom at the 
corner or centre — the nearly equal scattering power of the atom of caesiunt and 
iodine prevents a decision being made between these alternatives. Two chlorine 
atoms lie on the long diagonal nearly 0'31 of its length from the corners. 
F. Ephraim found the dissociation press, of CslClg to be 24 mm. at 112° ; 
185 mm. at 166° ; 640 mm. at 204‘5° ; and 760 mm. at 209°. F. Ephraim found 
the dissociation' press, of rubidium dichloro>iodide, RblCla, ;tb ,;be' 80 mm. 
at 97°; 403 mm, at 134°; and 600 mm. at 161°. Potassium dicMoro-iodide, 
KlClg, has also been prepared ; but this salt is very unstable. F. Ephraint 
f(»und the. dis.sociation press, of KICL at 41“ to be 28 mm. ; at 90°, 210 mm. ; 
ami at 136°, 704 mm. M. N. Rae made the dichloro-iodides by exposing the. 
dry powdered iodide to the action of chlorine for some days, until the weight 
of the product corresponded with that required for the desired salt. If the action 
be continued longer, tetrachloro-iodides are formed. The chlorodi-iodides, MDCl. 
have not been prepared. Csesium chloro-bromo-iodide, C.sIBrCl, was made by 
dissolving about one-fourth the theoretical amount of bromine and iodine in a 
Avarm soln. of csesium chloride in five parts of water. On cooling, the salt separates 
out in yellowish-red crystals. An excess of ceesium chloride is necessary or tlie 
crystals will be too rich in bromine and poor in chlorine. If recrystallized the salt 
changes in (iomposition, and it may be a mixt\xre of isomorphoua CsIBrg and €81(32. 
This statement, however, does not apply to the rubidium chlorobromo-iodide, 
RblBrCl, which forms fine crystals vdien a warm soln. of 27 gims. of bromine, 
42 grms. of iodine in 40 grins, of a sat. soln. of ndndium bromide is cooled. Tlic 
salt can be recrystallized from water. The ])otassjum salt has not been made. The 
m.])., temp, of whitening by decomposition, and the axial ratios of the rhombic, 
crystals of the tri-iodides, chloro-iodides. and bromo-iodides are indicated in 
Table XXXII. 


Tablk XXXll.- 

Alkali Tkiuaudks- 

— BKOMOniLORI DKH 

AND ChLOKO-IODIDKS. 


M.p. 

D«coini)osif ion by 

! 

1 Axial ratios aib'.c. 

KICJ.. 

(30" 

215" 

1 - 

' 0*7335; 1 ; 1*2204 

KblCJ. 

i 80^-200^ 

265" 

0*7341 ; 1 ; 11963 

VnlCli 

22o°-230" 

290" 

0*7373 : 1 : 1 1 920 

Rbllii(;l . 

2or>" 

200" 

0*7271 : 1 : 1*1745 

ChIRiCI 

22r>'-23r>" 

290" 

0*7230 : 1 ; M760 

KTBl\r 

60" 

180" 

0*7 J 58 : I : M691 

RblBr^ . 

225" ; 

265" 

0*7130 : 1 ; 1*1640 

Cs.lBr2 

243"--248" i 

320" 

; 0*7203:1:1*1667 

CsIiBr 

■ — 

— 

0*6010:1:1*1419 


If a gram-atom each of iodine and bromine be mixed with a warm very cone, 
soln. containing a mol. of potassium bromide, H. L. Wells and H. L. Wheeler 
found when the soln. is exposed for some time to a low temp., crystals of potassium 
dibromo-iodlds, KBr2l, are formed. F. Ephraim found the dissociation press, of 
KlBr.2 to be f) mm. at 17°; 15 mm. at 40°; 47 mm. at 54-5°; 98 mm. at 71°; 
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and 140 mm. at 80°. F. Ephraim obtained a rather lower m.p. than did H. L. Wells 
and H. L. Wheeler. The latter also prepared by a similar process the corresponding 
csesiiim dibromo-iodide, CsBr $.1, and ntlndium dibromo-ioude, EbBtsI. F. Ephraim 
found the dissociation press, of CslBr^ is 45 mm. at 157° ; 160“nam. at 189’5° ; 
600 mm. at 235° ; and 760 mm. at 242’5°. The corresponding rubidium salt, 
BbIBr 2 , has a dissociation press. 87 mm. at 63° ; 412 mm. at 93‘2° ; 608 mm. at 
101'5° ; and 760 mm. at 105'5°. When a gram-atom of iodine is added to a soln. 
of a mol. of ceesiutu bromide in 3 parts of a mixture of water with half its volume of 
alcohol, a crop of crystalsof ceesium bromodi*iodide,CBBrl 2 , is obtained. F. Ephraim 
found the dissociation press, of CsBrlg is 290 ram. at 172° ; 511 mm. at 191° ; 
and 655 mm. at 200°. The dissociation press, at 201‘5° is 760 mm. The m.p. 
is 195'6°. The corresponding rubidium and potassium compounds could not be 
prepared. M. N. Rae made the dibromo-iodides by exposing the dry powdered 
iodine to the action of bromine vapour. The bromination did not extend to the 
pentahalide condition as when chlorine is used. No success was obtained with 
l8odinm.icdid.ei^while potassium, ammonium, rubidium, and csesium iodides forhred i 

H. L. Wdls and H. L. Wheeler (1892) i)repared csesium penta-iodide, CSI5, 
as a black liquid, which solidified at about 73°, by heating ciesium tri-iodide with 
water, or solid iodine with a soln. of ccosiuni iodide. If a cone, alcoholic soln. 
of the impure wsolid be treated with two eq. of iodine, and cooled, triclinic black 
crystals of the penta-iodide are formed with axial ratios a :h: c=:0'9890 : 1 : 0*42765. 
If. M. Dawson and E. E. Goodson isolated a comj)ound 
of sodium penta-iodide« Nal5.2C6H5N02, from a nitro- 
benzene soln. of iodine and sodium iodide. 

In 1859, E. Filhol reported that he had prepared 
potassium tetrachloro^iodide, KCI4I, and the corre- 
sponding ammonium and magnesium salts, but did not 
succeed in making analogous compounds with sodium 
and a number of the common metals. If. L. Wells 
and H. L. Wheeler also prepared slender needles of 
E. Pilhol’s potassium salt, belonging to the moiioclinic 
system, and with axial ratios a:b: c- -0*9268 : 1 : 0*44735, 
j3:^84° 18'. H. L. Wells and H. L. Wheeler made the whole series of the 
alkali tetrachloro-iodides. They are inOvst conveniently made by passing a 
large excess of chlorine into a cone. soln. of the iodide of the metal, and 
evaporating the soln. in a desiccator (’barged with chlorine, e.r/. pale orange 
sfender prisms of caesium tetrachloro-iodide, CsC'l^I, belonging to the monoclinic 
system, with axial ratios a : b : c’~0*9423 : 1 ; 0*4277, j8— 86° 20'. Orange- 
yellow plates of rubidium tetraetdoro-iodide, KbC^I, belong to the monoclinic 
system with axial ratios a : b : c=1 1390 : 1 : 1*975, j8 ->^67° OV. Slender needle- 
like rhombic crystals of dihydrated sodium tetrachloro-iodide, NaCl4l.2H20, with 
axial ratios a:b : c—06745 : 1 : 0*5263, The crystals are rapidly decomposed 
by exposure and by treatment with alcohol or ether. W. N. Rae prepared the 
anhydrous SOdium tetrachloro-iodide, Nal0l4, by exposing dried sodium iodide to 
the action of dried chlorine. H, L. Wells and H. L. Wheeler prepared long 
yellow deliquescent needle-like crystals of tetrahydrated lithium tetracHloro-iodide, 
LiCl4l.4H20. The crystals are very unstable. W. N. Rae’s analyses correspond 
with Li0l4l.3H20 ; he made it by exposing lithium iodide^ LiI.3H20, to the action 
of chlorine. W. N. Rae found that if the salts be placed in a desiccator over 
potassium hydroxide, and weighed at intervals of a few days, temp, constant, 
28°, the pentahalides — CSI5, C8IOI4, etc.— lose iodine steadily for about 60 days 
when the wedght remains almost constant and the residue has a composition corre- 
sponding with the trihalide ; the temp, is then raised, and there is again a steady 
loss until the composition corresponds with the normal halide. Fig. 34 typifies tlie 
results obtained with the coesium penta-iodide and tetrachloro-iodide. In the 
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latter case the reactions arc : CsICJi^CsICL-f CIg ; and SCsICig^SCsCJ-f I^-f ( >, 

or CsK’Iq oases tried, the fanal solid residue always coutaiuf ii 

the haly^n of the smallest at. wt., making it appear as if this halogen and t!,,. 
metal are united by their primary valencies, the other halogen atoms by tin- 
secondary valencies ; 


rci . . 1 1 r 

Cs Cl Cs . ( 

Lci- cij L iJ 
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§ 20. Ammonium Iodide 

Ammonium iodide is formed when equal volumes of hydrogen iodide and 
ammonia are mixed together, and a soln. is obtained by neutralizing hydriodic 
acid with ammonia or ammonium carbonate ; or by treating ferrous iodide, Fel 2 , 
with ammonium carbonate, as in the case of ammonium bromide. G. J. Jacobsen ^ 
made it by double decomposition of potassium iodide and ammonium sulphate, 
and separated the ammonium iodide and potassium sulphate by taking advantage 
of the great solubility of ammonium iodide and the low solubility of potassiunl 
sulphate in alcohol. 

Boiling soln. of the two salts are mixotl togetlier, and after cooling, alcohol erj. to 15 per 
cent, of the wat(^r present is added. After standing, the clear liquid is separated from the 
crystals of potassium sult^hato, and evaporated until the ammonium iodide commences 
to crystallize out, when ammoniacal alcoliol is added and the crystals of potassium sulphate 
again removed. The aramoninm iodide can then be separated by crystallization. The 
ammonium iodide is extracted from the mother liquid by dil. alcohol. 

According to T. C. N. Broeksmit and E. Rupp, ammonium iodide is made froin 
ammonia and iodine, in the presence of hydrogen peroxide : 2 NH 3 +I‘>+H 20 £| 
=2NH4l+03 : 

Shake 10 parts of powdered iodine with 60 jiarts of pharmaceutical hydrogen peroxide, 
and gradually add 30 parts of aq. ammonia. If necessary hydrogen peroxide is added 
until the further evolution of gas does not occur, and the soln. has acquired a pale yellow 
coloTir. The filtered soln. becomes colourless when warmed on a water-bath, and after 
evaporation, the salt is rubbed with a little atp ammonia, and dried. 

A. Beyer treated potassium iodide with tartaric acid, and filtered off the precipi- 
tated KH 5 C 4 O 6 . . The soln. was neutralized with ammonium carbonate and 
evaporated. According to A. Gayard, ammonium iodide is formed during 
the decomposition of nitrogen iodide in light; and by the action of iodide on 
aqua ammonia. F, Raschig states that if liquid ammonia is sat. with iodine at 
is formed, and this when warmed in contact with water forms.; 
ammonium iodide. This salt is also formed by the decomposition of aninidnmm 
hypoiodite. 

Ammonium iodide forms deliquescent, colourless crystals — pentagonal icositetra- 
hedra — ^belonging to the cubic system. J. W. Retgers 2 found that cubic crystals 
are obtained from water, and water containing urea ; while octahedral crystals 
are deposited from soln. containing ferric or chromic chloride, and lead iodide. 
According to B. Gossner, ammonium iodide forms isomorphous mixtures with the ^ 
chloride over a very limited range. R. C. Wallace found that ammonium iodide 
does not show any signs of a transformation such as occurs with the bromide at^ 
109® and with the chloride at 159®, but F. E. C. Scheffer found evidence of a transi- 
tion point with ammonium iodide between —20° and —14®, and with a catalyst, 
between — 17'2® and —16*6® — say, at —15°, while P. W. Bridgman found a transi- 
tion point at —17*6°, corresponding with a vol. change of 14 per cent., and a latent 
heat of transformation of 2*05 kgrm. metres per grm. The effect of press, on the 
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transition temp, is illustratcfl in ^nd Table XXXtII. G. Bartlett and 

I. Langmuir showed that the X-raoiogram of ammonium iodide at 20^ shows a 
simple*^ cubic lattice with like ions 6*09x10“^® cm. apart, and unlike ions 
3*60x10“-^^ cm. apart. L. Vegard has worked out the X-radiogram of ammo- 
nium and tctramethylammoniuni iodides ; the crystals of the former belong to 
the cubic system, those of the latter to the tetragonal system. 1 he side of tlu' 
elementary cube in the former case is 4*54x10“’® cm. ; and the width of the base 
and the height of prism in the latter case are respectively 6*26x10“’® cm. and 
4'52xl0~® cm. The elementary lattice of ammonium iodide is composed of 41, 

" IN, and 1211 lattices; and that of tetrainethyl- 
ammonium iodide of 21, 2N, 8C, ajid 24H. 

Tlie reported specific gravity of ammonium 
iodide^ ranges from H. G. F. Scliroder's 2*4 13 
to H. Schill and IJ. Monsacchi's 2*5168 (15''). 
The best represeiitative value may be taken as 
2*511. The molecular volumes of the ammonium 
halides come between those of rubidium and 
cjnsium halides ; for exani])Ie, ammoniuju chlo- 
ride, 34*01 ; ammonium l>romide, 30*62 ; am- 
monium iodide, 57*51. \V. Biltz has also studied 

the mol. vol. of this salt. 

Ammonium iodide sublimes when heat(‘d. 
and the sublimate is freed from decomposition 
products only when air is excluded, otherwise it is coloured yellow by iodine 
or polyiodides. The, vapour density of tlie salt c*orres])c>nds with its decom- 
position into ammonia and hydrogen iodide, and of hydrogen iodide into 



Fio. 33. — KlTc'ct of Pressure? on 
tho Transition Temperature of 
Ammonium Iodide. 


Tablk XXXllI. — Transition Temperature op Ammonium Iodide. 


Preys, atm. 

1 “ 

! Transition temp. 

! Change in vol, c.c. 

1 Latent heat kgnn.-ni 


! per gnn. 

1 

I per Rnii. 

1 

1 -I7G° 

1 

0-05GI 

i ~ ” 

i 205 

245 

; 0-0° 

! 0 -0.034 

2*02 

503 

i 20-0° 

I 0-0547 

; 1-99 

J171 

! 80-0° 

0-0528 

1-84 

2118 

: 200-0° 

1 

1 0-0504 

1 1-50 

j ^ 


iodine and hydrogen. The dissociation of li} (lrogeii iodide at 350'^ and 380 mm. 
press, is very slow, for it amounts ^ to about 4 per cunt, in 24 hours’ time. 
H. St. C. Deville and L. Troost's values, at 440^’ and 860", arc res])C(*,tivoly 2*59 and 
2*78 — ^the theoretical value for the mixture NU^-f-Jll is 2*50, air unity. According 
to A. Smith and R-. P. Calvert, the dissociation temperature at 760" mm. press, is 
404*9" and the observed results can be represented by the expression : log f 
= — 7714‘591/T — 10*04345 log 2’+42’69560. A. Smith and R. 11. Lombard find 
the va])our densities in gnus, per c.c. ; 


300® 

Dissoc. press. . 48*5 (SIO*^) 

Vapour density 0 *000 181 
Latent heat 18*0 


320® 

143-5 

0-000307 

20-4 


310® 

135-0 

0-000488 

22*8 


800 ® 

235*7 

0*000874 

23-6 


3S0® 

407-3 

0-00129 

24*8 


The theoretical va{)our density imi ves calculated for complete dissociation (a), and 
for the undissociated vapour (6) are shown in Fig. 36 by dotted lines ; tlie observed 
vapour density curve (continuous) shows that below 310", the observed density of the 
sat. vapour is greater than the value required for no dissociation, meaning that the 
vapour is associated, but part of the vapour is probably also dissociated as well, 
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so that on the assumption that the associated molecule is (NH4)2l2, the equilibrium 
condition is (NH4l)2^2NH4lT=^2NH3-f 2HI, where the course of the curve 
shows that as the temp, rises, the amount of association decreases and the amount 
of dissociation increases. Although the observed density at 340"^ is normal, the 
ammonium iodide is here partly associated and partly dissociated. At the temp, 
in question, no secondary reaction producing hy- 
drogen or nitrogen gases was observed — €,g. 2HI 
^l2+H2 and 3I2+2NH3— 6HI+N2. The dissocia- 
tion constants and the heats of dissociation of 
ammonium iodide could not be calculated on account 
of the association. If Z>q and D respectively denote 
the theoretical (undissociated) and the observed 
vapour densities of ammonium iodide ; a the per- 
centage number of dissociated NH4I mols., and jS 
the percentage associated, a- Z>)/Z), from 

which a and j8 cannot l)e computed without another 
relation betAveeu the two unknowns. Assuniijig that 
all the NH4l-mols. in the vapour have associated to 
(Nn4)2l2 or dissociated to NH3+Hf, since a-fj8 

Ihen, at between 21 and 83 per cent, is assu(dated and from U to 17 
per cent, dissociated ; at 380'', lictween 0 and 50 per cent, is associated, 11 to 41 
per (ieiit. dissociated. 

H. Rassow gave 5*51 ± 3"" for the melting point of ammonium iodide ; and 
G. Bartha, 220^ for the boiling point in vacuo. I'he latent heats of vaporization 

calculated from 

^’^7«bVo*4343J^ T J D 

arc indicated above. According to J. Ogier,® the heat of formation from its elements^ 
iodine solid, is 65* 1 Cals. ; according to M. Bcrthelot, iodine gaseous, 56 Cals. ; 
and, according to J. I'homscii, ‘10*31 Cals. J. Thomsen also gives for the crystalline 
solid, Nll3 fHl--NH4l+32*4() (^als. J. Thomsen's values for the heat of solution 
vary from —3*52 to —3*585 Cals, for a mol. of the salt iii 200 mols. of water ; and 
for the specific heat of a 3*0 })er cent, soln., 0*063 at 18^1 

The solubility of ammonium iodide ® in water is very great. At —27*5*^, the 
cryohydric temp,, water dissolves 55 per cent, of tlie salt, and at 15°, 62*5 per cent. 
A contraction occurs when this salt di.ssolves in water. Thus, II. Schiff and 
U, Monsacchi ^ calculate froju the specific gravity determinations of W. H. Perkin 
and W. W. J. Nicol : 


Per cent. NH4I . 

3*355 

13*42 

30*50 

54*64 

60*44 

8p.gr.]. 5°. 

1*0202 

1*0899 

1*2.341 

1*6109 

1*5948 

Vol. 100 gnns. 

98*0200 

91*7515 

81*0331 

00 1 844 

62*7054 

Vol. components 

98*0542 

91*9848 

81*6708 

67*1082 

63*6079 


According to W Ostwald, the soln. of m grins, of the salt in 2000ni grms. of water 
at 20*^ is attended by a contraction of 52*9 c.c. ])er mol. of salt. The molecular 
volumes of ammonium iodide in 10, 20, and 50 per cent, soln., calculated by 
J. Traube from F. Kohlrausch's sp. gr. data, are respectively 54*6, 55*2, and 56*2, 
when the mol. vol. of the solid is 59*3. 

W. 0. Rontgen and J. Schneider ® have found the compressibility of soln. of a mol. 
of an\moniuni iodide in 7CK) mols. of water to be 0*954 ; and in 1500 mols. of water 
0*910. The following table enables the values for the alkali and ammonium halides 
to be compared for -soln. containing a mol, of the salt in 700 and 100 mols. 
of water : 


^ 0 - 0/0 


0-006 


0>006 


^ o-ooa 
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Fig. 36.— The Vapour Density 
Curvbs of Ammonium 
Iodide. 



618 . INORGANIC AND THEORETICAL CHEMISTRY 

TABZao XXXIV. — COMFRESSIBILITIES OF AqOEOUS SOLUTIONS OF THE AtKAU Ha3.1DKS. 


700 HaO. 



1* ^ * '• . 

ir 



H 

NH* 

LI 

K 

Ka 


H 

NH 4 

I.I 

K 

Na 

I • 


0*910 

0*888 

0*869 . 

0*863 

I . 


0*954 

0*940 

0*932 

0*924 

Br . 

0-960 

0-910 

0*869 

0*862 

0-851 

Br . 

0*981 

0-953 

0*934 

0*030 

0*923 

Cl . 

0-949 

0 901 

0*858 

i 

0*848 

0-837 

Cl . 

0*974 

0-945 

1 

0*928 

1 

.0*919 

0*017 


W. C. Rontgen and J. S(jhneider also measured the surface tension of the soln. 
of ammonium iodide. F. H. Oetman found the viscosity of soln. of this salt falls 
from 0*008577 dynes per cm. for 0*5A^-8oln. to a minimum 0*007779 dynes per cm. 
for 2*502iV-soln. ; and then rises to 0*009321 for 5*004iV-soln. The respective 
.sp. gr. of these soln. are 1*0447, 1*2304, and 1*4591. The viscosities of rOOliV-soln. 
falls from 0*01146 at 10^ to 0*01031 at 15^, to 0*009277 at 20^ 

The lowering of the vapour pressure of water by ammonium iodide measured 
by G. Tammann * shows that the fall is 12*5 mm. for AiV-soln. ; 25*1 mm. for AT-soln.; 
and 243*5 for lOiV-soln. According to L. C. de Coppet, the soln. of a mol. of the 
salt in water low^ers the temp, of maximum density ll*!"". The degree of ionization 
calculated by S. M. Johnston from the raising of the boiling point of water by 
normal soln. of ammonium iodide agrees with the value of N. Zelinsky and 
S. Krapiwin and S. Arrhenius from the electrical conductivities of soln. of a mol. 
of the salt in r litres of water : 

10 32 04 128 2.>0 512 1024 

125*4 129*0 133*4 135*9 138*7 1413 143 7 

At higher cone, there is evidence of the hydration of the solute. M. le Blanc 
found the decomposition potential of a A-soln. with ])latiniim electrodes to be 
0*88 volt, i.c. 0*25 volt smaller than the corresponding sodium and potassium salts. 
B. Holmberg found the law of mass action is applicable to the ionization of 0*05iV- 
to N-soln. of sodium and potassium iodides. 8. von Laszczynslcy and S. von Gorsky 
measured the conductivity in pyridine soln. 

The molectdar refraction, dispersioTis, ami magnetic rotation, measured by 
J. H. Gladstone and W. H. Perkinjo respectively 39*66, 4*88, and 19*996. 
According to H. Topsoe and C. Christiaiivsen, the refractive index of crystals of 
ammonium iodide for the CMiiie is 1*6938 ; for the />dine, 1*7031 ; and for the 
F-line, 1*7269. M. le Blanc and 1\ Hohland found for the mol. refraction of 12*5 
per cent. soln. with the 7>-line, 40*01 by J. H. Gladstone and T. S. Dale’s formula, 
and 23*39 by Lorentz and Lorenz's formula. 0. Reinkober studied the "reflexion 
spectrum for ultra-red rays. 

Ammonium iodide is soluble in 7nethyl alcohol, and N. Zelinsky a^dS.vKrapiwm\^' 

. have studied the electrical conductivity of these soln., and it was found that the 
ionization is much greater in the pure alcohol than in 50 per cent. soln. The 
soln. in ethyl alcohol is attended l)y a considerable contraction, and, according to 
W. H. Perkin, a 21 per cent. soln. of «ammonium iodide in alcohol (sp. gr. 0*7947) 
has the sp. gr. 0*9413 at 15^^, and the alcoholic soln. ha.s a mol. magnetic rotation of 
18*9. H. C. Jones and F. H. Getman measured the lowering of the f.p., and 
G. Carrara the electrical conductivity of alcoholic soln. which indicate an increasing 
ionization with increasing dilution, vide alkali iodides. Both G. Carrara and 
P. Dutoit and A. Levier have investigated the conductivity of soln. m acetone — 
with a dilute ion v -~500, the degree of ionization is 0*61 ; with ^/i5=?^20,000, 0*98 ; 
and with 50,000, 1*0. The results are in accord with the dilution la*vy; the 
ionization constant is K =0*001 65. M. G. Levi and M. Vogh^a found both ammonia 
and hydrogen were developed at the cathode during the electrolysis of sOlii. in 
acetone and in 'pyridine. S. von l 4 a.szczynBky and S. von Gorsky have also Tnoasiired 
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the conductivity of soln. of this salt in pyridine. P. Walden and M, C^mnerszwer 
found the conductivities and Lp. determinations of soln, of iodide in 

ccOTi^ponded with the assumption, the-t a 

and E/de Pdfcrahd and F. Taboiiry found liquid sulphur dioxide iori^ sulph^nes" 
of the type Ml.SSOg with the iodides of sodium, rubidium, and caesium — ^the first 
is amorphous, the two latter crystallize from liquid sulphur dioxide at 0 ^. 

H. Sfoissan found ammonium iodide to be soluble in liquid ammoniay whUe 
H. P. Cady, and E, C. Franklin and C. A. Kraus, showed that the conductivity of the, 
soln. resembles that of the corre-sponding bromide. L. Troost prepared a series of* 
amminO’Compounds analogous with those of ammonium chloride and bromide, 
and the compounds behave in a similar manner. The dissociation press, of ammo* 
niom ammino-iodide, NH 4 I.NH 3 , or HL 2 NH 3 , is 10 nim. at —17'^ ; 57 mm. at 0 "^ ; 
455 mm. at 35'" ; and 1140 mm. at 56'". Ammonium triammino4odide» NH 4 I. 3 NH 3 , 
or HI. 4 NH 3 , fuses at — 12 °, and its dissociation press, is J30 mm. at —27° ; 380 mm. 
at 0 ° ; 700 mm. at 14*6° ; 840 mm. at 19*5'" ; and 1160 mm. at 30°. J. Kendall 
and J. G. Davidson measured the f.p. curve of mixtures of ammonia and ammonium 
iodide; and isolated ammonium triammino-iodide, with a m.p. of — 8 °; and 
ammonium tetrammino--iodide, NIIJ 4 NH 3 , melting at —5*1°, but did not obtain 
L. Troost’s mono-ammino-salt or his ammonium hexammino-iodide, NH 4 I. 6 NH 3 , 
or HI. 7 NH 3 , melting at 28°, and with the dissociation press. 435 mm. at —29° ; 
575 mm. at —21*2° ; 770 mm. at — 12 * 8 ° : and 1735 mm. at 11*4°. The stability 
of the ammonium ammino-halidos increases with the at. wt. of tlm halogen. 

Aq. soln. of ammonium iodide gradually assume a yellow colour on exposure, 
presumably owing to oxidation ; and, according to A. R. Leeds,^^ tjie reaction is 
accelerated by exposure to light. An hour’s exposure to the electric light, 
sunlight, and magne.sjum light liberated respectively 15*0, 3*9, and 0*06 mgrm. 
of iodine from a soln. acidified with sulphuric acid ; and similarly 9*8, 2*3, and 
0*07 mgrm. from a soln. acidified with hydrochloric acid. If air and oxygen be 
excluded, no iodine separates even with tlie niost intense illumination. The vapour 
of sulpJnir trioxide, says H. Rose, is absorbed by ammonium iodide at ordinary 
temp., forming a ])roduct which decomposes with the evolution of sulphur dioxide, 
and a residual reddish-brown mass. P. Hautefeiiille found ainmonium iodide can 
be sublimed in hydrogen chloride without decomposition, but above 360° some 
ammonium chloride is formed. M, Bertlielot did not find any indications of the 
formation of a hydroiodide by heating ammonium iodide with an excess of liydriodic 
acid (sp. gr. 2 ) at 280°. 

According to G. S. Johnson,i3 dark-brown rhombic plates of ammonium tti- 
iodide^ NH 4 I 3 , with axial ratios a[b: c^0*6950 : 1 : 1*1415 isoniorphous with the 
^alkali tri-iodides, are obtained by evaporating a sat. aq. soln. of iodine and ammonium , 
iodide dver sulphuric acid. The sp. gr. is 3*749. R. Abegg and A. Hamburger 
obtained good crystals by warming a sat. soln. of iodine witli the calculated quantity 
tpf ammonium iodide, and slowly cooling the mixture. The dissociation press..' 
;nh 41 3 ^NH 4 T 4 -l 2 was estimated at 0*053 mm. by treating the salt with benzene 
at 25° ; no higher polyiodide exists at 25°. The crystals are slightly deliquescent, 
and they dissolve unchanged in a small proportion of water, but iodine separates 
when a large proportion of water is used. E. Filhol prepared ammonium tetra- 
chloro-iodide, NH 4 CI 4 I, in a similar manner to the corresponding potassium 
compound. 

C. L. Jackson and I. H. Derby prepared ammonium dibromo-iodide, NIJ 4 Br. 2 l, 
by treating ammonium bromide with an ethereal soln. of iodine bromide, and 
evaporating the ether ; and also by exposing ammonium iodide to the vapour of 
bromine when the salt is first coloured black and then scarlet. The black colour 
may represent an intermediate product. The dibromo iodide is blood red by trans- 
.. mitted light, and green with a metallic lustre iii reflected light. It smells of iodine 
bromide, and 6 n long standing leaves a residue of ammonium bromide ; the same 
decomposition occurs to a limited extent when the salt is digested with ether. 
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When treated with water, bromine and iodine are set free ; hydrochloric acid 
liberates iodine ; sodium or ammonium hydroxides give a black precipitate ot 
nitrogen iodide, and the mother liquid liberates bromine when treated with hydro- 
chloric acid. Sulphurous acid gives hydro bromic and hydriodic acids. F. Ephraim 
found the dissociation press, of NH 4 lBr 2 to be 65 mm, at 107^ ; 204 mm. at 134® ; 
465 mm. at 154® ; and 640 mm. at 161®. 

Uiy iodine absorbs dry ammonia, forming a dark brown liquid from which the 
of ammonia can be removed by standing over cone, sulphurifi acid. Thf) sanie liquid is 
obtained by adding iodine to a sat. soln. of ammonium nitrate or carbonate with one-third 
an eq. of })otassium itxlide ; as is also the case when a sat. soln. of potassmm tri-iodido is 
treated with aq. [)otassium hydroxide and ammonium nitrate. F. Gxithrio and 
VV. M. Seamon prepared those compounds. The analyses corresponds with NH3I0, 
so that these products were formerly regarded as iodammonium iodide, (NHjl )!, or ammino- 
lodine, NH,! . ; but, according to J. F. Norris and A. 1. Franklin, the projjerties correspond 
with a mixture of nitrogen iodide, NHIj, and ammonium poly iodide. 
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§ 21. The Alkali Monosulphides 

The union of sulphur with alkali, nitrum, has been known from early times. 
In the first century, Pliny, in his flistoria naturalis ( 31 . 46), refers several times to 
the combination sal nilruni sulphuric formed by melting nitrum with sulphur in a 
vessel over a charcoal fire. It is mentioned by Geber. In the thirteenth century 
Albertus Magnus, in his Alchymia, described the preparation of this substance by 
fusing sulphur with the alkali, and by digesting sulphur with alkali lyo. Basil Valen- 
tine described some of the pro])erties of the soln. A, Libaviiis,^ K. Boyle, 
J. R. Glauber, G. E. vStahl, and H. Roerhaave also investigated the properties of 
hepar sulphnns — h'ver of salplnir — or he par sulplmrii^ salirnnoy or hr par sulphuris 
alkalinum, as it was variously called by the alchemists of the Middle Ages. 
J. R. Glauber made it by calcining sodium sulphate wltli charcoal. J. Mayow 
found the soln. of alkali sulphide is oxidized to sulphate when exposed to air. 

G. E. Stahl calleci it sulphur alcalico salt annexum. The nature of hepar sidphuris 
has been investigated by J. J. Berzelius, C. L. Berthollet, H. Hager, R. Kemper, 

H. B Schonc, and many others. The corresponding soda-liver o f sulphur has been 
investigated by L. N. Vaucjudin, E. Filhol, and J. B. Senderons, etc. The results 
are discussed in connection witli the alkali sulphides, and polysulpludes. Liver of 
sulphur is not a chemical individual, but ratlier a mixture of many sulphur compounds 
of the alkalies. 

Liver of sulphur is mado by gently hoafiiig sulphur with potassium carbonate in closed 
earthemwaro or cast-iron crucibles, but less contarninatf’d with impurities, in glass flasks. 

prod\ict so obtained is a dull green mass ; the fronhly broken surfaces are liver-coloured 
— ht'ncc <ho name. Liver of sul])hur is a mixture of various polysuljdiidos, sulphate, 
th io.su l]>h ate, and may bes some unattacked oarbonale, particularly ii less than ‘My per cent, 
of sulphur and a low temp, have been employed. The composition of the product dopend.g 
on the ]H*oportions of the constituents and the temfi. to which they have been heated. If 
higher jwoportions of snijihur be usetl the liigher polys ulphide.s predominate in the product. 
T.iver of sulphur is used for making ointments in skin diseases ; for internal and external 
ap])licatioi\ in rheumatism, etc. It is the jwfassa sulphumta of the Pharmacopoeia ; and 
it is used hy gardeners as a fungicide and parasiticide. 

According to G. Calcagni, 100 c.c, of a cold 66 per cent, of sodium hydroxide 
dissolves 24*55 grms. of sulphur or 57 parts of sulphur per 23 parts of sodium ; 
while 100 c.c. of a similar soln, of potassium hydroxide dissolves 17*70 grms. of 
sulphur, or 59*35 parts of sulphur per 39*15 parts of potas.sium. The soln. reacts 
for sulphides, polysulpludes, thiosulphates, and sulphites. The reaction between 
alkali hydroxides and sulphur is comj)lex ; })robably sulphides are first formed 
from whieli thiosulphates are produced, and by the dissolution of more sulphur, 
polysulphidos ; the thiosul[)hatcs lose part of their sul])hur forming sulphites. 
In the more cone. soln. of sulphur part of the latter appears to be uncombined 
because these .soln. yield sulphur to hot benzene. All the soln. are decomposed by 
carbon dioxide yielding sul{)hur and hydrogen sulphide. 

The preparation of the alkali nionosulphides.— Products usually (ailed sul> 
phides liavc been obtained by the direct union of the elements. Thus, L. Troost ® 
prepared what he regarded as amorphous lithium sulphide, Li 2 vS. by the action 
of sulphur vapour on heated lithium. H. Davy, and J. L. Gay Lussac and 
L. J. Thenard, prepared SOdium sulphide, Na 2 S, by warming sulphur with sodium ; 
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and> according to G. C. Winkleblech, the reaction proceeds with incandescence at 
ordinary temp. Potassium sulphide, KgS, was likewise prepared from its elements 
in a similar manner. M. Rosenfeld triturated the sulphur and sodium in a mortar, 
and modified the violence of the reaction by admixing the components with sodium 
chloride. R. Bunsen likewise found that rubidium or caasium burns with incan- 
descence in sulphur vapour, forming respectively rubidium sulphide, RbgS, and 
caesium sulphide, CsgS. J, Locke and A. Austell boiled a soln. of sulphur in toluene 
or naphthalene with metallic sodium. C. Hugot dissolved the calculated quantity 
of sulphur in a soln. of sodium or potassium in liquid ammonia. 

R. Bunsen and H. E. Schonn made sodium and potassium monosulphides by the 
action of sodium or potassium on sulphuric acid, heavy spar, carbon disulphide, 
and various other organic and inorganic sulphur compounds. The reaction is 
utilized in testing for sulphur in these products since the presence of a sulphide 
is readily recognized. H. Moissan prepared rubidium and caesium sulphides l)y 
the action of molten sulphur or of hydrogen sulphide on the alkali hydrides. 
J. J. Berzelius found that a current of hydrogen will reduce red'hot/ potassium 
sulphate to the sulphide, and H, V. Regnault found that glass or porbelain tubes 
arc thereby much attacked. C. Stammer also reported that the same salt is likewise 
reduced by carbon monoxide, but A, Levol could not confirm the statement. 
J. G. Willans has patented the reduction of salt cake by carbon monoxide and 
steam ; W. Weldon, by combustible gases. 

P. Berthier and A. J. P. du MSnil obtained sodium or potassium vsulphide by 
heating a mixture of four gram-atoms of coal with one mol. of sodium sulphate. 
This reaction was known to J. R. Glauber, and it probably dates much further 
back than this. L. Troost prepared lithium sulphide in an analogous manner. 
A. Mourlot obtained a crystalline mass of the sulphide — lithium, sodium, or potassium 
— by heating the mixture in Moissan’s electric furnace for about five minutes. 
The reduction of the sulphate has been recomtuended for the manufacture of the 
sulphide on a large scale. To facilitate the nianipulation of the products, P. Jean 
sintered a mixture of sodium sulphate, barium sulphate, wood charcoal, and coal. 
P. H. Gossago recommended mixing 30 per cent, of sodium chloride with the 
mixture to bo reduced so as to le.ssen the attack on the firebricks. W. Weldon 
recommended the use of bricks of coke and graphite powder ; R. W. Wallace and 

O. P. Claus used a bauxite lining ; B. Peitzsch, iron vessels ; and P. Berthier, 
carbon crucibles. P. Ellerhausen has also paid special attention to the destructive 
action of hot sodium sulphide on furnac.e walls. According to J. L. Gay Lussac, 
much of the sulphate will remain undecomposed if the temp, be too low, and 
polysulphidcs will be formed ; C. Wittstock also found that if too little coal be 
used, a mixture of polysulphides and carbonate will bo formed ; and A. Bauer found 
that polysulphides and carbonate are always found among the products of this 
reaction. J. L. Gay Liissac obtained a very combustible substance — pyrophorc 
de Gay Lussac — by de<*ojuposing potassium sulphate with a large excess of carbon. 
It is said to be a mixture of polysulphides, potassium, and carbon. It behaves 
like the pyrophore de Ilombenj prepared with potash alum. Patents have been 
taken out for the reduction of salt cake to sulphide by coke or coal by A. R. Arrott, 
F. H, Gossage, J. Wilson, J. Barrow, C. P. Claus, etc. The process employed in 
Germany in 1880 is described by C. Winkler (1880) — vide sodium carbonate. 

P. Sabatier found that red-hot sodium sulphate is rapidly and energetically reduced 
by carbon disulphide vapour - but the product is a mixture, 2Na4'liS. 

J. J. Berzelius melted sulphur with an excess of potassium hydroxide and 
found the product to be a mixture of the monosulphidc and thiosulphate. J* Kircher 
passed hydrogen sulphide over coarsely powdered sodium hydroxide at 100°. 
M. J. Fordos and A. G61is made sodium sulphide by heating sodium carbonate with 
sulphur to 275”; the product is obviously a kind of soda-liver of sulphur. 
J . W. Kynaston melted sodium hydroxide with calcium sulphide ; and J. V. Esop, 
and C. Viiicent treated a soln. of barium, or other sulphide with sodium or potassium 
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sulphate. C. T. Kingzett prepared sodium sulphide by the action of hydrogen 
sulphide on molten sodium chloride, and L. Bemelmans patented a process in winch 
molten potassium chloride is run into molten sulphur — sulphur chloride is formed, 
potassium sulphide is obtained as a by-product. 

P. Sabatier prepared anhydrous potassium sulphide by dehydrating the dihydrate 
in a stream of hydrogen gas ; and anhydrous sodium sulphide by dehydrating the 
onneahydrate in a quick stream of hydrogen while it is heated on a sand-bath. The 
products are contaminated with silica from the glass. The dry methods of pre- 
paration furnish oxidized products — ^thiosulphates and polysulphides. Sometimes 
also some carbonate. E. Priwoznik recommended purifying sodium sulphide by 
digesting a cone. soln. with copper, and evaporating the soln. in a stream of hydrogen ; 
and W. Gibbs recommended recrystallization from 90 per cent, alcohol. W. P. Bloxam 
has pointed out that while sodium thiosulphate is usually considered to be insoluble 
in alcohol, this is not the case when polysulphides are present. No solvent capable 
of separating thiosulphates and polysulphides is yet Imown. 

. When.a: hot aq. soln. of soaiurn sulphide, sp. gr. 1*285, is cooled, crystals of 
eimealiywated sodium sulphide, NagS.OHgO, separate. This salt is the stable 
hydrate at ordinary temp. L. N. Vauquelin, and J. J. Berzelius made a soln. of 
alkali monosulphide by dividing a soln. of alkali hydroxide into two parts, one 
half is sat. with hydrogen sulphide, KOH+H 2 S—KSH+H 2 O ; the two soln. are 
then mixed together: KOH+KSH=~KoS-fH20. Sodium monosulphide is 
prepared in the following manner : 

Dissolve 333 gnn.s. of pure sodium hydroxide (luado from the metal) in a litre of air-free 
water. I*our the soln. into a flask, and pass a rapid stream of washed hydrogen sulphide 
into the soln. through a wide glass tube (1 em. bore) fitted into a double-bored stopper, so 
as to protect the contents of the flask from air as much as possible. The object of the 
wide delivery tube iS to avoid choking the tube with thc^ separated sulphide. There is an 
increase in the volume of the soln. such that KlOO c.e. become 1218 c.c. When the soln. 
is sat. the pale yellow liqui<l may be poured into small glass-stoppered bottles and sealed 
with paraflln ; or the soln. may be evaporated in a platinum or porcelain dish until a film 
of ciystals begins to form on the surface, and the hot licpiid bottled and sealed. The 
li({uids may deposit crystals of sodium moimsulphidc^ — Na2S.9H20- -on standing or cooling. 
The bottled soln. keep indefinitely when protected from the atm. air. A smfill quantity 
of black iron, nickel, f)r silver sulphide may settle on the bottoms of the bottles on .standing. 
Tor use, tlm soln. is diluted to a sp. gr. 1*14. Sodium hydroxide pure by alcohol docs not 
giv(s MO satisfactory a soln. as that prepared from the metal, since a soln. prepared from the 
former wull bo coloured with colloidal sulphideH, which only separate after long standing. 
A(‘cording to K. l*jothicro and A. Hevaud, a layer of airnond or ohvo oil on the surface of 
a soln. of the sulphide cuts otT the air without forming deposits or an emulsion. The soln. 
then keeps indefinitely. 

P. Sabatier, F. Luthe, W. Helbig, H. Finger, W. P. Bloxam have also prepared 
crystals of eimeahydrated sodium sulphide, by a method analogous to that employed 
by L. N. Vauquelin and J. J. Berzelius. K. Bottger proceeded in a similar manner, 
using alcohol soln. H. Pomeranz supposes that the primary action between alkali 
hydroxides and sulphur is analogous to that between alkali hydroxides and chlorine 
in the cold, and takes place according to the equation ; 4Na0H+2S=Na2S+Na2S02 
+ 2 H 2 O or 3NaOn f 2 S"-Na 2 S+NaHS() 2 -j H 2 O. In support of this view, it 
is found tliat a mixture of sulphur and sodium hydroxide in the ratio 2S ; «3IsaOH 
has a similar bleaching action on p-nitro-aniline-red to that of sodium hyposulphite. 
Polysulphide and thiosulphate are only produced by tlio further action of the 
Sulphur on tlie sulphide and hyposulphite. 

The solubility of sodium sulphide in water, studied by N. Parra vano and 
M. Fornaini, shows a erj^hydrate temp. — 10^ when 9*34 per cent, of anhydrous 
sulphide is present in soln. The enneahydrate exists in aq. soln. up to 48*9®, where 
it is transformed into the hemihenahydnitBd sodium sulphido^ Na2S.5 JH 2 O, which 
exists in a labile condition between 48*9° and 91*5°, and is stable between 91*6° and 
94° V. The hexahydrated sodium sulphide, Na2S.6H20, is stable between 48° and 
91*5^ ; Wt the enneahydrate docs not change into the hexahydrate at 48°, rather 
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does it pass into the r).J hydrate at 48-9°. This is a rare case where the phenomenon 
observed in a transformation is accompanied by an absorption of heat. R. Bottger 
and r. , Sabatier made, what was probably the hernihenahydrate — they said pontu- 
hydrate— by melting the enneahydrate and sloAvly cooling the molten mass from 
90°. (t. Lemoine isolated the same hydrate from the products of the action of 

sodium hydroxide in phosphorus sulphide. C. Gottig reported the hernihenahydrate 
and the hcxalmlrate by the action of hydrogen sulphide on alcoholic soln. of sodium 
hydroxide. He obtained the hexahydrate between 17° and 22°, and the hemihena- 
hydrate between 41° and 45°. H. Finger said that the needle-like crystals whirh 
separate when hydrogen sulphide is passed into a cone. soln. of sodium hydroxide 
arc the hexahydrate. These crystals subsequently dissolve before the lye is all 
sat. with gas ; and \V. P. Bloxam believes these crystals have the empirical com- 
position 2 Na 2 S.NaOfl. P. Sabatier obtained crystals of what he regarded a 
liemi-enveahydraled nodiuiii sulphide, Na2S.42H20, by keeping the enneahydrate in 
vacuo over .sulphuric acid. The indivkluality of this hydrate and of trihydrated 
sodium sulphide, NaoS.-'UIoO, described by A. Danioiseau, has not been confirmed 
W. P. Bloxam cone, a soln. of potassium hydroxide, half sat. with hydrogen 
sulphide, in vacuo over calcium (diloride, and obtained small white tabular crystals 
of dodecahydrated potassium sulphide, IV 2 S.I 2 H 2 O. The mother liquor furnished 

brilliant four-sided Hat rhombs of penta* 



Fra, :^7.- — J^tjuiUbriuni Cuivis of iSotlimn 
Sulphide in Water. 


hydrated potassium sulphide^ KoS-OlUO, 
analogous with tlio crystals obtained by 
It. K. Schon(5 and J. J. Ber/.olius wlu'n 
t.lu*.se crystals an? repeatedly powdered, 
and exposed in varaio over sulphuric 
acid ; \X , P. Bloxam obtained dehy- 
drated potassium sulphide, KoB.^HgO ; 

P. S.ibaticr iilso ]>repared the dihydratc. 
\V. Bill;^ and K. \\ ilkc Dorfurt prepared 
while crystals of tetrahydrated rubidium 
sulphide, Kb^H.llloO, by preeipiUtion 
from the aq. soln. by the addition of 
alcohol and etlu'r---a.n oil first separates 
wliicli subserpiently erystalUzes — and also 
by evaporating the (ionc. aq, soln. in a 
desiccator over caleium chloride. When 


these crystals are dehydrated at they form white crystals of dihydrated 

rubidium sulphide, Rb.HS.lUfijO, and wh<m heated to a still higher temp., they 
ultimately give the anhydrous salt. W. Biltz and R. VVilke-Dorfurt prepared 
white crystals of tetrahydrated caesium sulphide, CS 2 S. 4 JI 2 O, exactly like the 
corresponding rubidium salt. 


The properties of the alkali monosulphides,-- Amorphous lithium sulphide 
is pale yellow ; the crystals prepared in the electric furnace by A, Mourlot ^ were 
small cubes without action on polarmai light. I'lie crystals of anhydrous sodium 
sulphide prepared l>y the dry processes are more or h^s.s impure, and this determines 
largely the colour which is variously re])orted, white, yellow, and red. >Sodiuin 
enneahydrate forms colourless tetragonal crystals which, according to C. R. Uammols- 
berg, have the axial ratio : c ”1 : 0‘!)82. The colourless crystals of t he ennea- 
hydrate become yellow in air, presumably owing to the formation of polysulphides, 
bat H. Kolb(j says the yellow crystals become white again wlien heated, presumably 
owing to the oxidation of t lui } ellow^ product-. The crystals of a nh^^drous potassium 
sulphide are red, and tliey beconui black on melting^ According to C. Wiitstock, 
the red crystals arc coloured by impurities— polysui])ludes. Both P. Berthier and 
P. Sabatier prepared colourless crystals. The crystals obtained by evaporating 
the soln. in a stream of hydrogen sulphide are colourless. H. K. Schone and 
W. P. Bloxam say the penta hydrate forms colourless glass-likc four-sided flat 
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prisms ; W. P. Bloxam says the dodecahydrate forms colourless glass-likc tabular 
crystals. W. Biltz and E. Wilke-Dorfurt say that the hydrates of rubidium and 
cicsium sulphides form white crystals, and that anhydrous rubidittm sulphide, 
libgS, is dark red — presumably owing to the presence of impurities. Sodium, 
potassium, rubidium, and cajsium sulphides are all deliquescent, and this the more 
the greater the at. wt. of the alkali metal. P. W. Bridgman found that potassium 
monosulphide is dimorphic at atm. press. The transition temp, is 146 4" at atm. 
press., and no other modilication was found at 20° and at 200° with res 2 )cctively 
12ii0() and 12(KX) kgrms. per sq. mu. press. : 


Press. . . 1 1000 

'JYftnsition temj). 1 40 *4” 1 58 *4^^ 

(^haiij^o of vol, . 0-00004S O-OOOOIS 

La tout heat . 0*330 


3000 

182-4" 

0 -00083; 
0-324 


5000 kf^rrn. per sq. cm. 
200-4 

0*000794 c.c. per grm. 
0*317 kgrrn.-m. por grni. 


The low toiup. form is the more expansible, and has the higher ap. ht. The Specific 
gravity of crystalline lithium sulphide, according to A. Mourlot, ranges from 1*63 
to 1’70 ; E. Filhol gives 2*4.71 for sodium sulphide, and 2*13 for potassium sulphide — 
E. Filhol's numbers presumably refer to the hydrated salts. 0. Boch’s values for 
ihe> sp. gr. of aq. soln. are indicated below. 

According to W. P. Bloxam, the melting point of pentahydrated potassium 
sulphide is about and it loses only a trace of ]»ydrogen sulphide if heated to 
riGO'. J. Thomsen gives for the heat of formation (lAo, S, aq) 115*22 Cals,, and 
(Nao, S, aq.), 52*0 Cals., E. Filhol and J. B. Remhnens' value for (Na 2 , S, aq.) is 
51*G Cals,, and V. Sabatier's value is 51‘G Cals., (Nao. Ksoiki)^ ^4*1 Cals., and E. Filhol 
and J. B. Senderens, 44*2 Cals. V, Sabatier gives 97*52 Cals, for (Kg, Ssoim), and 
(Kg, S^ad, 100*22 Cals. M. Berthelot gives COS f-2K2O--K2CO8H-K2S-[-48*04 Cals. 
J. Thomsen and P. Sabatier find that the heat of dilution for Na2SH-120HoO is 
insignificant, for, owing to hydrolysis, such a soln. contains the hvdrosulphide, 
NaSlT, not the monosulpliide. The heat of th{‘ reaction, NaOjraq+H 2 Sga.s> 
varies with the cone. J. Thomsen gave llvSaij l-2Na()Haq“-7‘802 Cals. ; KOHaq 
+n 2 ^‘iq“~ESHaqH 7*7 Cals.; and KOHaej f KSlIaq— KgSaq— OCals. — presumably 
the mouosuli)hide does not exist in dil. soln., bnt in coiic. soln. the thermal value 
increases with cone., i.c. as v decreases in KoSd /dlgO, thus : 

n . 401 241 121 41 31 21 IG 11 9 

QVaU. O 0-04 U-OG 011 010 021 0-21 (>-38 0 47 


V. Sal)atier gives for the heat of hydration with liquid water NagS+^'oHgO, 
10*0 Cals. ; NaoS 1-DlJoO, 10*8 (Sils. ; aud Na^S-f DHoO, 15 8G Cals. V. Sabatier 
giv1.Ls 7*5 Cals. Na2S.4^.H.O 4-1. lHoO-0 8 Cal., and for jSaoS.5H.,() } tllgO, 5*06 
VaiIs. Similarly, K.,S+^Ib>0--8“Kr (^als., KmS 4 r)I1.20=:19*7r> ^'als., and KoS.2HoO 
+3H20-:irGr> Cals. P. Sabatier gives 7*5 Cals, heat of solution of NagS at 14*5® ; 
NagS.bllgO, — 3*3 Cals, at 77° ; and NagS.OllgO, —8*38 Cals, at 13°, P. A, Favre 
and J. T. Silbermanu give 5*3 (^ils. for the heat of soln. of KgS, and P. Sabatier 
5*0 Cals, for 5(X) parts of water at 18°, and for 1*90 Cals, (16'') ; and 

KgS-f SllgO, —2*60 Cals. (17°). P. Sabatier gives 9*9 Cals, for the iieat of the 
reaction of hydrochloric acid with Ka^S, and 10*08 Cals, with NagS.OHgO. The 
alkali sulpliidcs are soluble in water; and, according to J. J. Berzelius, less soluble 
in alcohol than in water. The soln. arc decomposed by ai-ids with the evolntioii 
of hydrogen sulphide. A. Stromeyer found that even carl^onic acid acts in this 
way. A. Brandrimont says that sodium sulphide is soluble in less than three- 
fourths of its weight of water; N. Parra vauo and M. Forna ini's measurements 
show the stable phases of sodium sulphide in aq. soln. 

10* 18* 28^ 37* 45“" 48' 70* 90° 

. 13-30 15-30 17-73 20*98 24*19 20*30 20*70 30*22 36*42 

NajjS OHgO NagS-OHaO 


Per cent. NagS 
Solid phase . 
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The unstable phase Na2S.6iH20 has a ttansition point, Na2S.9H20^Na2S*6Jllji( j 
4*3^1120, at 49"" when the soln. contains 29*3 percent. Na2S, and a transition poini 
Na28.5iH20+JH20^Na2S.6H20, at 92® when the soln. has 38 per cent. Na^S. 
The solubilities of the unstable hemihenahydrato at 40®, 60®, and 80® are respectively 
29*92, 31*38, and 33*95 per cent, of Na2S. The equilibrium curve is shown in Fig. 37. 
The alkali sulphides suffer hydrolysis in aq. soln. : Li2S+H20;F^LiOH+LiSlf, 
and in consequence of the low ionization constant of the alkali hydrosulphidc, th< 
soln. have an alkaline reaction, and they show an appreciable partial press, ol 
hydrogen sulphide. The lowering of the f.p. of an A^-soln. of sodium sulphide is 
given as 3*571® by F. W. Kuster and E. Heberlein. They also find that a ^-A-sodiuiu 
sulphide soln. is hydrolyzed 86*4 per cent. J. Knox, however, believes that tie 
soln. is still more hydrolyzed than supposed by F. W. Kuster and E. Heberlein ; 
a diluted soln. of potassmm sulphide is practically a mixture of eq. parts of sodiinii 
hydrosulphide and sodium hydroxide. This agrees with the observations of 
J. Thomsen on dil. soln. of potassium sulphide, and with the observations of A. Bauer. 
H. Rose, and H. Kolbe. 

O. Bock’s values for the sp. gr. at 18® (water at 4® unity) and the eq, conductivities 
A (18®) of sodium sulphide arc : 


Na,S jjer cent. 

2 02 

5 03 

9*64 14 02 

10*12 

18-15 

Sp. gr. . 

10212 

1 *0.557 

11 102 11583 

1*1810 

1*2158 

A . . 

Jir>*7 

97*2 

73*7 50*7 

40*0 

38*7 

The anomalous change in the eq. conductivity with cone, is associated with th 
marked hydrolysis which occurs. Similarly for potassium sulphide : 

KjS per cent. . 

3-lS 

9*93 

15-0« 24 (U 

29-97 

47*20 

Sp. gr. . 

1*0205 

1 0829 

11285 

1-2072 

1 *4.59(1 

A . 

139*7 

1 20*3 

H»8-2 80-8 

00-2 

2-00 


The temp, coefi. of the conduct ivities were also delermined. F. \V. Kuster found 
that if a fairly cone, soln. of disoclium sulphide is elertrolyzed between platinum 
electrodes with an e.m.f. of about 2 volts, yellow films due to the formation of 
polysulphide separate out in the liqui(l. After a time, sulphur suddenly appears 
on the surface of the anode, and then rapidly inereas(‘s in thickness. The e.m.f. 
rises as the thickness of the sul])hur increases, until at a certain stage the sulphur 
film suddenly breaks away ; the e.jii.f. now fulls, and the phenomena recur in the 
same order. This periodie.ity is similar to that observed by W. Ostwald during 
the soln. of chromium in hydrochloric acid. Apart from the condition of the 
anode and electrolyte, it is found that the e.iii.f., and consequently the current 
strength, must have a certain magnitude before sulphur separates and the periodicity 
appears. On the other hand, th(^ e.m.f. must nut be too great or the deposit of 
sulphur remains permanently on the anode. The critical e.m.f.” depends on the 
chemical composition of the electrolyte, its eonc., temp., and its stillness or otherwise. 
In soln. of sodium hydrosulphide, no periodic phenomena are observed. It is 
suggested that during ele(jtrolysis the sulphur liberated at first at the anode is taken 
up by the sxilphur ions of the soln. to form polysulphide ions until saturation occurs ; 
sulphur then separates, and tin* current becomes feeble owing to the resistance of 
the sulphur. During the time when the current is feeble, the polysulphide ions 
migrate away from the anode more quickly than they are formed, whilst the mono- 
sulphide ions (which can take up sulphur) migrate towards the anode and eventually 
break down the layer of sulphur. 

W. P. Bloxam boiled a 20 per cent. soln. of pentahydrated potassium sulphide 
for hrs. in contact with air ; the evolution of hydrogen sulphide was negligibly 
small, and only traces of polysulphide and sulphite wore formed, together with a 
little thiosulphate. Only a trace of hydrogen sulphide was evolved when the 
boiling was conducted for 1^ hrs. in a stream of hydrogen gas. Contrary to the 
opinion of H. E. Schone, the boiling soln. is fairly stable. With dil. soln. hydrogen 
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sulphide is evolved, and thus potassium sulphide decomposes into potassium hydro- 
sulphide and potassium hydroxide, also in vacuum or when hydrogen is passed 
through the soln. 

Aq. soln. of sodium sulphide are oxidized in air» and sodium thiosulphate is 
formed. E. Mitscherlich says half the sodium sulphide is converted into thio- 
sulphate, and half into carbonate. F. W. Durkee found that thiosulphate is first 
formed in the electrolysis of sodium sulphide soln. and finally sodium sulphate. 
A. Scheurer-Keetncr and M. Merle (fid not confirm the intermediate formation of 
the thiosulphate. M. Trautz and K. T. V^olkmann have also studied the reaction, 
and F. Thomas, the effect of different-coloured light. W. Gossag(j decomposed 
sodium sulphide. into the hydroxide by steam : Na28+2H20“~-2Na0H-fH2S- 
J. Peddor recommended roasting the sulphide with carbon to convert it into 
carbonate, 2Na2S4-2C-(-502— 2Na2003+2S02. When the soln. of sodium sulphide 
is oxidized with potassium nitrate, G. Lunge and P. Pauli found sodium 
thiosulphate is first formed, and at a higher temp, the sulphate. When oxidized 
with potassium permanganate, M. Ilonig and E. Zatzek found that sulphur, 
sulphate, and trithionate are formed in the cold, only the sulphate is formed in 
hot soln. According to J. Kolb and R. Laming, when a soln. of sodium sulphide 
is treated with ammonium carbonate, sodium carbonate and ammonium hydro- 
sulphide are formed ; A. Stromeyor found that with SOdium hydrocarbonate. 
hydrogen sulphide is evolved; .1. Wilson, 0. F. Werckshagen, and 0. Bohringer 
and G. Clenim patented the process for converting the sulphide into carbonate. 
T. J. Pelouze, G. Clernm, and J. Kolb studied the action of lime and magnesia. 
T, du Motay recommended caustic lime for decomposing sodium sulphide. 
J. R. Wagner found that, with aluminium hydroxide, hydrogen sulphide is 
evolved and sodium alurninate is formed ; W. H. Clayfield (1804) patented the 
use of lead or zinc oxides for converting sodium sulphide to the hydroxide. 
0. P. Priickner and L. Possoz recommended copper oxide. With CUprous OXide, 
sodium thiosulpliate and copper oxide are formed ; and, according to G. E. Habich, 
the reaction is faster witJi ferric hydroxide, and sulphur is precipitated. The use 
of ferric or manganic oxides in converting sodium sulphide to hydroxide was 
patented by J. Wilson (1838), \V. Gossage (1859), and F. Ellershausen (1890). 

G. JiUnge says that a soln. of sodium sulphide attacks iron, and the surface of the 
soln. is blackened on exposure to air. For the action of carbon dioxide on sodium 
vsu]j)hide, vide alkali carbonates. 

Ac(*.ordirig to A, Mourlot, lithium sulphide crystallized in the electric furnace 
is not attacked by hydrogen even at high t(mip. ; chlorine and bromine attack it 
at ordinary temp. — bromine more slowly tlian chlorine- and iodine does not act 
below 200"^. At 3()t)‘^ oxygen forms lithium sulphate. A. Mailfert found that 
ozone also converts the alkali sulphides to sulphates. Phosphorus does not act 
even at lOOC)"^. Tn the electric oven lithium sulphide reacts with carbon to form 
the carbide. According to J. J. Berzelius, molten sodium sulphide attacks glass 
and beconu's yellow. According to A. P. Dubrunfaut and A. Soheurer-Kestner, 
calcium sulphide and sodium carbonate are formed when the eq. of one mol. of 
sodium sulphide and one mol, of calcium carbonate are heated together. According 
to T. Weyl, sodium sulphide absorbs ammonia when they are put together in a 
sealed tube, an orange-coloured mass is formed and partly dissolved. When this 
mass is heated with water ammonium sulphide is formed. R. Abegg and 

H. Riesenfeld found the solubility of ammonia in soln. of sodium sulphide to be 
a linear function of the Na2S-conc. ; and they measured the ammonia press, of 
A^-solii. of ammonia in sodium sidphide. With soln. containing U‘5, 1, and 
1*5 mol. of sodium monosulphide, the respective press, of the ammonia w^ere 
15'18, 16*94, and 18*65 mm., when the press, of the ammonia in iV-aq, soln. 
was 13*45 mm. According to W. P. Bloxam, potassium sulphide is stable at a 
low red heat and does not decompose when it is melted. P. Berthier stated that 
it is volatilized at high temp. When it is roasted in the air, potassium sulphide 
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burns very slowly, and, according to J. J. Berzelius and P. Bertliier, covers ithc lt 
with a layer of potassium sulphate. According to A. Baudrhnont, when potassium 
sulphide is heated in tlio vapour of phosphorus trichloride, potassium chloride, and 
phosphorus trisulphide are. formed ; with phosphorus penta-ohloride, potassium 
chloride, phosphorus tliiochloride, and phosphorus sulphide are formed. Potassium 
sulphide forms double compounds with the electronegative metal sulphides. 
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§ 22. Tbe Alkali Polysulphides 

The alkali monosulphidcH dissolve sulpluir forming polysulphides. E. Eilhol ^ 
did not g(^t any polysulphid(\s l)y heating a soln. of sodium sulphide with sulphur 
in a sealed inbo. VV. P. Ploxam found that warm sodium hydrosulpliide soln. 
dissolved nearly the theoretical amount necessary for forming Na2S2> 
cooling a largo ])roporti(.)n of the sulphur separated out again. According to 
1\ Sabatier, a soln, of a mol. of sodium sulphide in 18 of water dissolves sulphur 
corresponding with Nao hSt c ; and 11. C. Jones, by the action of metallic sodium 
on melted sulphur, obtained Nbio-l-Sg-an ^nd he proved that free sulphur was present 
in the latter. E. VV, Kiister and Ph Helxulein measured the solubility of sulphur 
in a((. soln. of sodium nionosul])}u<le. They found the solubility to be almost 
inde])eudent of the temp., althou<fli between tlie limits of O ' and 60^, the solubility 
did diminish very slightly with increase* of temp. The solubility of sulphur in a 
soln. of sodium sulphide depends greatly on ihe dilution of the latter. It is greatest 
in a Y,:iV-soln., whore tin* (Constitution of the soln. approximates to the formula 
Na2 +85.24. There is (*vid('iu*(‘ that in the soln. examined no uniform compounds 
are present, but tliat various substances arc in a condition of (‘omph*x equilibrium 
with one another. All sulphides and polysnlphides undergo much hydrolysis in 
a(|. soln. The extent of hydrolysis diminishes regularly with increasing amount 
of sulphur in the soln. It was also foujid that in aq. soln. th(i tetrasulphide, Na2S4, 
is marked hy a peculiar stability, an observation continued by the Avork of A. Kule 
and J. S. Thomas. V. Sabatic^r also prepared several polvsulpbides by boiling 
sulphur with soln. of sodium mouosulphkle. Ah^oholic soln. of sodium inono- 
sulpliidc were likewise found hy H. Bdttger to dissolve sulpluir and form di-, tri-, 
tetra-, and penta-sulphides ; but VV. P. Pioxam was not able to contirm R. Bottger s 
results. A. Rule and J. S. Thomas found an alcoholic sohi, of sodium hydrosulphide 
reacts readily with sulphur, giving oiT hydrogen sulpliide and forms poly sulphides. 
According to VV. P. Bloxam, the highest product obtaiu(*d by dissohung sulphur 
in a soln. of potassium hvdrosiilphide is K^ I-Sq, although hot soln. can take, uj) 
enough for K2+S5. According to \\". Spring and J. ])einarteau, the solubility 
S of sulphur in soln. of potassium mono.sulphide increases with temp, 0 according 
to the relation: ^V->So(l+()(X)Olh50+OMKKKKJl93O2)^ ^vhere represents the 
solubility at 0". From the Avay the dissolved sulphur behaves towards inereurjG 
ethyl iodide, etc., If. Bottger and F. A. Geuther think that the product should be 
regarded as a simple soln. of sulphur in the normal sulphide. 

J. S. Thomas and A. Kiih^ nii*asiircd the f.p. of juixtures of sul2)hur and sodium 
or potassium sulphide ; and \V. Biltz and E. VVilkodlorfurt ni(*asurcd the m.p. of 
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mixturey of sulphur with ciosium or rubidium. The combined results are indicated 
in Table XXXV and graphed separately in the curves, Pigs. 38 to 41. Commenting 
on these results, J. S. Thomas and A. Rule say : 


T.\n].E XXXV.- Fhkkzjno and Mei.tino Pdints of Sulphur and the Alkali Metals. 


Compound or Eutectic, 


DiaulpliiHi' 

oiitrctie 

Trisulphido 

'J'ri-tetva ou toe* tin 
Tot rasulphidn . 

T<?t ra-peiita out eotic 
JVntasuIphide . 

iVnta-hexa eutootio 
Tlexajiiilphido . 

Sat\irat<‘d solution 


Sodium. 

PotiiBbium. 

llubldium, 

!’( 

Cawiuiii. 

44.') O” 

47l(r 

420-0° 

400-0" 

200*0^ 

2.50 0° 

200-0° 

205*5^ 

223-.')" 

252 

213*0° 

217*0* 

222 •«“ 

t (amoq>hous) 

148-5° 

1 .51 *0° 

27.')-0'’ 

> 145 0"' 

> IC0 0° 

> 100*0" 

247 •«“ 

143 *4^^^ 

1 59*5° 

159*5° 

2.'>1 -8° 

2000° 

231 *0° 

210*0° 

. — 

182*9° 

189*8° 

178 0° 

. - 

189*0° 

201*0° 

180*0° 

24!) (F" 

i 188*1° 

! 

184*0° 

J72*8° 


Whilst tho polysiilphidos of potassium, rubidium, and ciosium rnsomble one anotlu r 
very closely, the sodium compounds exhibit notable difTerences. Thus, whilst the first- 
namt‘d three elements all form hexasul]>hi<le8 and stah!«i pentusulphides, in the easti of 



Fitj. :18.- -Freeziiijr point Curves of the 
Binary System Na-^S- S. 



Fui. ilO. Free/dnji: Point Curves of the 
Binary System K^jS — S. 


sodium no trae(» of the existenee of a hexasulphide could he detected, and th<» pentasulphide 
is relatively unstable. On the <jlher hand, sodium tetrasulpliido is stable and the trisulphide 
unstable, this order being reversed for the potas.sium, rubidiuiri, and eiesiurn eomjiouiids. 
As regards their appearance, stability, and solidifying jioints, all the (^Hsulphides appear 
to be similar in character. Towards heat, these compounds show greater stability than 
any otlicr of the poly.sulphidt's of the alkali metals. There is no evidonoti of the existeiKH> 
of intermediate compounds. 


In attempting to prepare alkali polysulpliides by the passage of hydrogen 
sulphiile through an aq. soln. of the hydroxide in eontaet with an excess of finely 
powdered sulphur, the resulting soln. always contained polysulphide and thio- 
sulphate nor could the formation of the latter be avoided either by varying the 
eono. or the temp. Similarly also when sulphur is digested with soln. of the alkali 
hydroxides, both polysulphide and thiosulphate are formed. Soln. of the normal 
alkali sulphides, free from excess of hydrogen sulphide, hydrosulphide, or hydroxide 
give red polysulphide soln. when dige.sted warm with sulphur. The soln. also 
contain thiosulphate, and it is therefore inferred that in spite of the failure of the 
ordinary tests to detect free alkali hydroxide, such must be present. Only when 
file sulphur is digested with a soln. of potassium or sodium hydrpsulphide is the 
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product free from oxidized sulphur, to wit, thiosulphate. Hence, it is wrong to 
assume that it is a matter of indifference whether a soln. of the normal sulphide or 
the hydrosulphide be employed in preparing the sodium and potassium poly- 
sulphides. The older methods of preparing the polysulphides by digesting sul- 
phur with the theoretical amount of alkali monosulphide in aq. soln., could not 
have yielded the desired polysulphide free from contamination with thiosulphate. 
Similarly^ thg dry methods of preparation — ^such as that employed hy L. N. Vauquel^ 
for malang the lithium polyaulphides, by melting lithium hydroxide with sulphur 
— do not yield a product free from oxidized sulphur— a carbonate is also frequently 
}3resent. There is no known method of separating the polysulphide from the 
thiosulphate once the latter is formed. \V. Biltz and E. \Vilke-l)orfurt, however, 
did make definite polysulphides of rubidium and c»sium by the action of sulphur 
on the monosulphides. H. Bottger claimed to have made a series of alkali poly- 
sulphides by the action of sulphur on alcoholic soln. of the hydrated monosulphide, 
but W. P. Bloxam repeated the experiments and failed to confirm H. Bottger’s 
results. A. Rule and J. S. Thomas prepared the polysulphides by dissolving 
sulphur in alcoholic soln. of the hydrosulphide. 

Virtually nothing is known about the lithium polysulphides. Sodiu m tetrasulphide 
is the highest stable sodium polysulphide, although higher ones may be present in 
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soln. ; potassium, rubidium, and cu'sium form definite and stable penlasulphido ; 
there is little or no evidence of potassium hexasiilphide, although it is possible 
one such exists in soln. in a “ looser state of combination than is the case with 
the more stable pentasulphide. The existence of rubidium and ciesium hexasulphides 
is indicated on the m.p. curves. Hence, W. Biltz and E. Wilke-Dorfurt say that 
the metal itself has a distinct influence on the number of atoms of sulphur which 
can fonn a stable complex, and they apjdy R. Abegg and G. Bodlandcr's hypothesis 
to account for the formation of higher polysulphidi^s of the alkali metals of higher 
mol, wt. According to this hypothesis, say A. Rule and J. S. Thomas, where the 
ionizing tendency imparted to the anion which may normally show a weak ionizing 
tendency, the anion, in order to “ strengthen ” itself, then tends to combine 
with other atoms or groups to form a complex. The ionizing tendency of the 
alkali metals increases with increa.se of at. wt., and in the ease of the polysulphides, 
as the at. wt. of the metal increases there appears to be an increase in the number 
of sulphur atoms which go to make up the highest stable complex. H. J. Hamburger 
and R. Abegg, however, do not consider that the cation has a definite influence 
on the particular number of atoms taken up by the anion to form a complex, but 
only on t he formation of complexes in general, the degree of the substance separating 
out depending on solubility conditions. 
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The disulphides. — J. Berzelius 2 prepared crystals of lithium disul- 

phide, Jii2S3, by evaporating an aq. soln. of tlie hydrosulphide to a syrup and 
removing any carbonate which may bo formed. The soln. fnrnhihed crystals ol 
what . 1 . J. Berzelius regarded as hydrated lithium disulphide. H. Bottger rejjorteti 
the formation of crystals of pentahydrated sodium disulphide, Na2fS2.DJl20, b\ 
cooling the dark-brown soln. obtained by digesting an alcoholic soln. of the eorrc'- 
sponding monosulphide with the theoretical quantity of sulphur on a water-bath. 
The access of air to tlui soln. is, of course, prevented during these preparations. 
By working with a .soln. tiontaining a little extra sodium hydroxide, and cooling to 
golden-yellow crystals of trihydrated SOdium disulphide, NaaS^.^H^O, 
were obtained by If. Bottger. Attempts by \V. P. Bloxam to prepare sodium 
disulphide by treating a soln. of thi> hydrosulphide with the cahailated amount of 
sulphur under the iufbience of heat and in a current of hydrogen sulphide, were not, 
successful. Rxile and . 1 . B. Price prepared anhydrous sodium disulphide, NaaS^, 
in the following manner : 

A solution of 2 < 2 fi*nis. of sulphur in 50 e.r. of ahsoluto (*thyl alcohol was sat. wilh 
hydrogen sulphide; 4*17 i^rins. of sulphur wf^ro added, and tin* soln. was boiled on tlit* 
water-hat h for about one hour, a rapul current of hydrojuceu hein;:^ passed through it. An 
e.xcess of sodium (4 j^rms.) was added to the hot soln., and after htiilinjj: for a short time the- 
bright- yt'llow preeipitati* was collected, washed with absolute (‘tbyl alcohol, and dried in 
a vacuum «)V't‘r phosphoric oxide. With luwi'r proportions of sodium, the ratios of sodimn 
to polysulphide sulphur wen' rather low - jiossihly owing to the formation of small fpiantitic^s 
of tid-ra.sulpliidc. 

A. Rule and J. 8. Pric<^ also noted tlial wluni metallic sorliutn is added to an alcoholic, 
sohi. of sodium tetrasulpliidc, th(*re is an immcdiaic separation tif yellow cr}^stals 
of the disulphide. 

AVhat were possibly vitv im])ure forms of potassium disulphide, K282, were 
reported Iw V. L. Geiger as a yellowisli-n?d e-rysfalline jnass obi aim'd by calcining 
two mols. of pofassium Iiydrosulpbatf^ with over seven gram-atoms of carbon ; 
and by J. J. Berzelius, as the result of treating jxdassinm carbonate with sulphur 
in a similar manner ; and as a re.sult of expo.sing to air an alcoholic soln. of potassium 
hydrosulphide. So soon as the surfac-e of Berzelius’ Ii(|uid began to appear turbid, 
owing to tln^ formation of lluosulpliate, lie eva])orated the li<juid to dryness in 
vacuo, and obtained what he regarded as potassium disulphidt^. \V. J*. Bloxam 
did not succeed in making this salt. \. Ride and J. S. Thomas mixed sulphur with 
an alcoholic soln. of sodium hydrosulphide, and after driving off some of the alcohol 
obtained a yellow solid, which, when drh'd in vacuo, was not homogem'ous and 
contained some iinelianged liydrosulpiiide ; likewise liy adding dry ether to the 
satne aleuliolic soln. a white solid was obtained wliicdi conlaiiK'd alcohol along with 
sodium and sulpliur in the 2 : 2 proportion. Similar results were obtained witli 
the. ])otassium salt, but very little disulphid<*. is formed. A. Jlule andd. S. Thomas 
found tliat there is a ])ereeptib]e. maximum in the. f.p. cairvij of mixtures of potassium 
monosulpliide and sidphiir, corresponding with a m.p. at about 47 J'\ VV. S. lJumont 
lias described a crystalline alcohoJated disul jdn'df\ K2S2.C\^H5()H. 

W. Biltz and K. Willo'.dJdrfurt found that whe.n rubidium peniasulphide is 
dosulpliurize.d l)y h('.ating it in a current of hydrogen, 1 lie rate, of evolution of sulphur 
becomes very slow at fioiuts eorre.sponding Avitli tfie disiilphide, although the n'.sidts 
are complicated by the v<ilatility of the <lisulphide itself. When the residue, 
however, is dissolvt'd in water, and evaporated, crystals of inonoliydrated rubidium 
disulphide, Rb2S2.1l2^^“ in one case crystals of Hb.^S^^.o 'BbA) — were obtained. 
The corresponding inonoliydrated csesium disulphide, was obtaimul 

in an analogous juanner. Tin', anliydrous sulphides are obtained as just indicated 
by desulphurizing the pentasulphidcs in a. stream of hydrogen, or deliydrating the 
salt whie.h crystallizes from the a((, soln. Rubidium and cicsiiim disulphides have 
not been obtained by crystallizat ion from the mixed soln. of suljihur and the 
rnonosulphides. 
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Bottger’s pentahydrated sodium disulphide is described as forming sulphur- 
yellow radiating masses of crystals ; P. L. Geiger’s anhydrous potassium disulphide 
as a yellowish-n^d deliquescent mass; W. Biltz and R. Wilke-Ddrf art’s anhydrous 
oyesium and rubidium disulphides as dark-red amorphous ver}^ deliquescent masses. 
The hydrated crystals of sodium disulphide, says H. Bottger, do not effloresce 
over cone, sulphuric, acid, but at 45'" they lose a portion of the water of crystalliza- 
tion, and at 100'' they lose tlirc^, e-fifths of the combined water, and at the same 
time melt to a n^ddish-brown li(juid. The melting point of sodium disulphide 
determined by J. S. Thojuas and A. Kule is 445'\ and of potassium disulphide, 
471'’ ; W. Biltz and E. \Vilke-I)orfurt\s value for rubidium disulphide is 420*^, 
and for ciesium disulphide, 4()0^ The rubidium salt is also said to volatilize over 
850*^, and the (ja^sium salt over 8t»0”. P. Sabatier gives for the heat of formation of 
sodium disulphide (Nao,S2soiid)--^aoS2aq +104*2 Cals., and NaoSaq+SaoiHi 
“Na2S2aq |~1*4 Cals. For the heat o£ solution, P. Sabatier also gives 171)5 Cals, 
at 12 E. W. Kiister and R. Helxuiein find the degree of hydrolysis of a ^jA^-soln. 
of sodium disulphide to be 61*6 ])er cent., and the freezing point of a A'-soln. 
--3-01G". 

The alkali trisulphides. - According to H. K. Schone,’* wlien a mixture of sodium 
(•arbonate with an excess of sulpliur is heated to dark redness in a stream of carbon 
d loxide, SOdium trisulphide, Na283, mixed with tlu‘, sulpliate is formed ; J . J. Berzelius 
used a similar process for makirig potassium trisulphide, K2»S;{. J. J. Berzelius also 
made tlie potassium salt by passing the va})Our of carbon (lisnli)hide over heated 
potassium earl)onate ; potassium thiocarbonate, K2CK3, is formed as an intermediate 
product, and (iiially a, mixturi', of (carbon and potassium trisulphide remains, 
d. J. Berzelius also made the same salt by passing hydrogen sulphide over the 
heated sulphate. J. Locke and A. Austell claim to have obtained the same salt by 
warming metallic, sodium with a sola, of the right proportion of sulphur in toluene 
or naphthalene. C. llugot also reports that lie made potassium trisfjlpliide by 
^r(^at-ing sulphur Avitli a sola, of potassium in litpiid iHiimonia. The red solri. docs 
not. solidify at —70°, and it is difficult to separate the sulphide from sulphur 
because both arc soluble in llie li<jui<l. H. Bottger poured 149 grins, of a 7‘(> per 
cent, alcoholic, soln. of sodium hydroxide into one of sodium monosulphide, and 
bhcTi adrhul 11*3 grms. of sulphur. The. mixture was warmed at 90° on a water- 
batii while excluded from (umta(d with air. Masses of golden-yellow crystals of 
trihydrated sodium trisulphide, NaoS3.3Hv,0, separate d from the\soln. when cooled 
to -10°. 

In spite of these n^ports, it is really vt^ry doubtful if the trisulphides of potassium 
and sodium have betrn obtained e,xeept in an impure condition. W. P. Bloxam’a 
attem])ts to make sodi\nn trisulphide by dissolving the calculated amount of sulphur 
in a soln. of sodium hydrosulpliide under tlie influence of heat, and during th(3 
passage of a stream of hydrog<m sulphid(* w('ro not successful. W. P. Bloxain 
<ligested a soln. of potassium liydrosulplude with sulphur in the pro])ortions recpiired 
for the disulpliifle, and (*onc. <li(‘ soln. by passing hydrogen sulplnde through the 
liot liquid. Th(^ resulting product approximated to potassium trisulphide, and 
theroforo furnished a higlicr sulphide than corr<*sponded with the added sulphur. 
When the j)roportion of sulphur employed corresponded with tliat required for 
the trisulphide, the product contained approxi»nately K4S7, and was probably a 
mixture. A. Rule and J. S. Thomas mixed the required proportion of sulphur 
with an alcoholic soln. of sodium hydrosulpliide and, on the addition of ether, 
obtained a viscid yellow precipitates which proved to be a mixtuns of tlie iinehaiiged 
hydrosulpliide with sulphur, and a portion of polysniphide. With the potassium 
salt, too, when the quantity of sulphur less than that required for the tetrasnlpbidc 
is added to an alcoholic soln. of the hydrosulpliide, very little di- or tri-sulpliido 
is formed. A, Rule and J. S. Thomas found that the f.p. curves of sodium mono- 
sulphide and sulphur, Fig. 37, show a break in the curve corresponding with the 
formation of an unstable sodium trisulphide which decomposes below its m.p. 



634 INORGANIC AND THEORETICAL CHEMISTRY 

Similar remarks apply to the f.p. curve of mixtures of potassium monosulphid, 
and sulphur. 

W. Biltz and E. Wilke-Ddrfurt made reddish-yellow anhydrous nibidium 
trisolphide, Rb2S3, by heating the pentasulphide in a current of nitrogen when 
the rate of evolution of sulphur becomes very slow at a point corresponding with 
the formation of the trisulphide, just as when heated in a stream of hydrogen, 
the slackening in the speed of desulphurization corresponds with the formation 
of the disulphide. If the product be dissolved in water and recrystallizedV fairly 
pure monohydrat(»d rubidium trisulphide, Rb2^.H20, is formed in yellow lustrons 
leaflets. Similar remarks apply to the formation of anhydrous caesium trisulphide, 
CS2S3, and of yellow leaflets of monohydrated ceesium trisulphide, Cs2S3,H20. 
Both the anhydrous trisulphides of rubidium and caesium show well-defined maxiniu 
on the fusion curv(vs of the alkali metals and sulphur. The salts could not be 
prepared in sola, by the action of sulphur on soln. of the. monosulphide. 

.1. J. Berzelius said anhydrous potassium trisulphide appears in yellowisli- 
brown masses which, said H. E. Schone. show the presence of prismatic crystals 
on a fractured sur{ao(\ W. Biltz and E. Wilke-Dorfurt say the anhydrous 
cjusium trisulphides form reddish-yellow to brownish-yellow hygroscopic masses, 
while the monohydrates form yellow plates. A. Rule and J. S. Thomas give 223*0' 
for the meltuig point of sodium trisulphide, and 252*0^^ for the potassium salt, 
and H. K. Schone says the molten potassium solid is stable at 9(K)'\ W. Biltz and 
E. \\ ilke-Dorfurt give 213'^ for the m.p. of the rubidium salt, and 217'^ for the 
caasium salt. H. Bdttger says that the crystals of trihvdrated sodium trisulphide 
melt at to a liver-brown li<|uid which loses two-thirds of its combined water ; 
he adds tliat the crystals can be kept unchanged in air for a long time ; and that 
they gradually effloresce <»ven in closed vessels. J. J. Berzelius says tliat an ac|. 
soln. of the potassium salt is brownish-yellow, and that the colour gradually dis- 
appears as potassium thiosulphate is formed, and sulphur precipitated. P. Sabatit*r 
found the heat of formation of sodium trisulphide (Na2,S3«oiia)='-"Na283a(i 4-100*4 
Cals. ; Na28aq-f S2HoUd— Cals. ; and the heat of solution per gram eej, at 12*^ 
is 17*0 Cals. F. W. Kuster and E. Heberlein find the degree of hydrolysis of a 
YrtY'Soln, of sodium trisulphide to 1)(», 37*6 per cent and tlie freezing point of an 
iV-soln. “-2*088'*'. 

The alkali tetrasulphides.' L. N. V^auquelin melted sodium carbonate with 
the calculated amount, of sulphur for the ratio Na : S ~I : 2, land extracted from 
the pulverized cake as much sodium sulphate as possible by digestion with absolute 
alcohol. P. Sabatier made the same compound by heating sodium monosulphide 
with the calculated amount of sulphur in an atm. of dry hydrogen. The residue 
was assumed to be anhydrous sodium tetrasulphide, Na284, J. j. Berzelius made 
potassium tetrasulphide, K2S4, by th(‘. action of carbon disulphide vapour on the 
heated sulphate. H . E. Schone made hvxahijdraied sodin^f tetrasulphui^, Na2S4.6H20, 
by boiling a soln. of a lower sulphide with an exce.ss of sulphur fora short time, and 
evaporating the soln. to a syrup in vacuo. The mixture, when treated with alcohol and 
allowed to stand in a cool place furnished pale yellow jilatcs. 3'hesc were washed 
with alcohol and ether, and preserved under ether. The salt is said by H, E. Schone 
to give trihydraied sodium let ra sulphide, Na284.3H20, when h(*ated btitween 100° and 
120 . H. Bottger claimed to have made octohydrated sodium ietrasuljdnde, Na2S4.8H20, 
by digesting an alcoholic soln. of sodium hydroxide with sulphur on a water-bath. 
The pale red liquid if suflicieiitly cone, gives orange-red crystalline masses when 

obtained trihydreUed potassium ieirasulphide, 
K2S4.3H2O, by a method analogous to that employed for the hexahydrated 
sodium salt; and hemih y dr ided potassium ieirasulphide, KgS+.iHgO, is formed on 
exposure in vacuo over sulphuric acid. If. E. Schone also precipitated a yellow 
oil by adding 80 per cent, alcohol to a<j. soln. of potassium tetra- or penta-sulphide. 
Absolute alcohol extracts water from the oil and causes it to crystallize. The 
analyses of the crystals agree with dihydraied potassium tetrasulphide, K2S4.2H2O, 
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and of the oil with octohydrated potassium tetrasulphidey K2S4,8H20. There are 
serious doubts whether any of the alkali tetrasulphides here indicated are really 
(hemical individuals. 

W. P. Bloxam did not succeed in his attempts to make sodium tetrasulphide 
f)y dissolving the calculated amounts of sulphur in soln. of sodium hydrosulphide 
under the influence of heat, and during the passage of current of hydrogen sulphide. 
W. P. Bloxaai also heated a. soln. of potassium hydrosulphide >rith wlphur in the 
proportions to form K2^5> found the sulphur dissolved on heating and deposited 
again on cooling. The soln. contained K : S in the proportions 4 : 9, and gave 
crystals of which, when extracted with carbon disulphide, gave mustard- 

yellow tetrapotassium pentasulphide, K4S5.IOH2O ; similar results were obtained 
with an excess of sulphur. With sulphur in the proportions for K4S5, only 50 per cent, 
of the hydrosulphido was active, and the product K284 yielded K4S5 on treatment 
with carbon disulphide. If the soln. of potassium hydrosulphide, with sulphur in 
the proportions required for K2S3 be cone, in {^stream of hydrogen sulphide, crystals 
of K284-3H20 are obtained, and on recrystallization from alcohol, K2S,9|H20. 
These results make it doubtful if W. P. Bloxam isolated a potassium polysulphido 
of undoubted individuality, but when the sulphur is added to the soln. within 
certain limits, the polysulphido obtained is richer in sulphur than corresponded 
with the sulphur added. This is interpreted to mean that there is a tendency for 
the formation of one. predominating sulphide, ivhich in the case of potassium is the 
])ent(isulphide, and in the case of sodium is probably the tetrasulphide. 

By adding sulphur in the proportion required for the tetrasulphide to an alcoholic 
soln. of sodium tetrasulphide, A. llule and J. S. Thomas obtained a deep-red soln., 
which, after boiling for an hour in a stream of hydrogen, and evaporating off most 
of the alcohol, furnished dark yellow crystals of anhydrous sodium tetrasulphide. 
When the experiments were repeated with the potassium salt, crystals of the 
pentasulphide were obtained, and the amount of hydrosulphide remaining unchanged 
decreased progressively with increasing amounts of sulphur. As previously 
indicated, when the proportion of sulphur is less than corresponds with the tetra- 
sulphide, very little di- and tri-sulphides are formed ; and with the value of the 
sulphur above the pentasulphide stage there is no indication of the formation of 
higher polys iilphides than the pentasulphide. Assuming the reaction is : 2KSH 
d-wS—KoSw the amount of unchanged hydrosulphide in the soln. can be 

determined from tlie volume of hydrogen sulphide evolved. It was thus shown 
that the chief product of the action of sulphur on potassium hydrosulphido is the 
pentasulphide, and it is impossible to obtain the lower polysulphides by adding 
an cq. quantity of sulphur to soln. of the hydrosiilphide. Similar remarks apply 
to sodium polysulphides, excepting that the stable salt is sodium tetrasulphide, 
and small quantities of higlier sulphides are probably present in the soln. when the 
cone, of the sulphur is high, but decompose : Na285-^Na2S4+S as evaporation 
proceeds. 

A. Rule and J. S. Thomas found a well-defined maximum in the f.p. curve of 
mixtures of sodium monosulphide and sulphur, corresponding with the formation 
of stable sodium tetrasulphide, Fig. 38 ; but with the potassium monosulphide- 
sulphur curve, Fig. 39, potassum tetrasulphide appears as an unstable salt decom- 
posing below its rn.p. Similar remarks apply to W. Biltz and E. Wilke-Dorfurt's 
f.p. curve of rubidium and sulphur, Fig. 40, and of emsium and sulphur, Fig. 41. 
Botli the rubidium and omsium tetrasulphides appear at their ni.p. as unstable 
compounds. Small yellow crystals of dihydrated rubidium tetrasulphide, 
1^1)284.21120, were obtained from an aq. soln. of the monosulphide containing the 
theoretical amount of sulphur ; and roddish-yellow prisms of anhydrous caesium 
tetrasulphide. CS2S4, were prepared in an analogous manner. No other sulphides 
of uniform composition could be isolated from the monosulphide soln. containing 
variable amounts of »sulphur. 

According to A. Rule and J. S. Price, anhydrous sodium tetrasulphide is a 
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dark-yellow orystalliiie solid with an olive-green tinge ; the crystals, suspended in a 
xylene soln. of Canada balsam, are perfect cubes. According to P. Sabatier, sodhiin 
tetrasniphide forms a red hygroscopic brittle mass ; H. R. Sehone also describes Cir 
potassium salt as a reddish-brown crystalline mass ; while W. Biltz and E. Wilke- 
Dbrfurt say the rubidium and caesium salts are reddish-yellow masses. H. E. SchbjKi 
says hexahydrated sodium tetrasniphide forms hygroscopic palc-ycllow crystallin<‘ 
plates ; If. Bottgor describes octohydrated sodium tetrasniphide as forming an 
orange-red crystalline mass ; H. E. Sehone says that trihydrated potassinn] 
tetrasniphide forms orange-red plates ; and the hemihydrated suit yellow (uystals. 
])ihydrated rubidium sulphide forms pule yellow prisms. 

A. Rule and J, S. Thomas say the melting point of sodium tetrasniphide is 275 
and of the potassium salt over 115®. When the sodium salt is heated in a capillary 
tube, it becomes orange-rod at begins to sinter at about SbB'". and forms 

a dark-red liquid at about 2G7®. If. E. Sehone says that anhydrous potassium 
tetrasniphide is stable at about <S0()®, but gives off sulphur at a higher temp., and 
forms the trisul[ihidc. P. Sabatier says that sodium telrasulphide is very readily 
oxidized in air. for it is soon covered by a film of sulphur and sodium thiosulphate. 
W. Biltz and K. Wilke-Borfurt say that each of the rubidium and Cfesium salts melts 
above I GO". Jl. E. Sehone says that hexahydrated sodium tetrasniphide melts at 
25^, forjning a dark-red syrupy lif|uid whicli when healed to 100®-! 20® loses two- 
thirds of its water, and the resulting Na2B4.2H20 then melts at a still higher temp. : 
this salt decomposes when heated to redness, watiT and sulphur are givmi off, and 
the cold residue of a yellowish-red (‘olour contains polvsnlphides and a thiosulphate*. 
If. Bottger s octoliydral (*d sodium tetrasul])hid(' eflloresct's over con(\ sul])liurie acid, 
and losers a part of its water at 40", but no sulphur is lost at 100®, although hydrogen 
sulphide is evolvf'd at higher temp. If. E. Bchone's trilivdratcd potassium t(‘tra- 
sulphide is said to melt wlicn heated in a glass tube, ,‘uid water, hydrogen sulphide, 
and sulphur are given oiT. The Iiot molten product is dark brown when hot, and 
much ])ah;r when cold. P. Sabatier gives tin? heat of formation (Na.>.S4sHii.i) 
--98-4 Cals.; (Na2,S4soiM)- -Na2S4arj fd08'2 Cals.; (NaoS.Sjj.nlid)- 10*2“ Cals.; 
(Na2Safj,S3^„ii,d--=Na2S4a,(j-f-r) (^ils. P. Sabatier also gives ( Ko, Stolid) 4" 1 IbG 
(kils. : (Iv2,S4soiM)-=K2«4<^q+I17*8 Cals. ; (K%S,S3.oiKO--K‘>K4a“^^ ; 

; K284+-JH2G“2*GG Cals.; KoS.^ I^H.O-fvTG Cals.; and 
^2^4-2^1^2G + 1 -^*1 C-als. P. Sabatier also giv<*s [O’l Cals, for the heat of 

solution of sodium tetrasulplihle at 12®, and 4*9 (’als. fur the boat of formation in 
()00 juols. of water at 10*5'^, E. Filliol and .1. B. Senderens' determinations an* in 
agreement with P. Sabatier’s. P. Sabatier gives 3*71 (’als. for the heat of soln. of 
1^284.21120. E. W. Kiister and E. Heberlein find the degree of hydrolysis of an 
aq. soln. of sodium tetrasniphide to lie 11*8 per cent., and the freezing point of an 
AVsoln. --2;42i". 

I’lie sodium salt is very hygroscopic, and the hvgrosco])icity appears to increase 
in passing from potassium to'cjesiuru tetrasniphide. llie tetnisulphides are readily 
soluble in water ; the sodium .salt forms a cle.ar deep orange soln. w'hicli becomes 
dark red when heated ; if exposed to air, the a(|. soln. .soon begins to deposit sulphur. 
Alcoholic soln. beliave similarly, and they are even more liable to oxidation by 
exposure to air. An excess of ether preei])ilates a red oil from the cone, Jilcoholic 
soln., and this f()rms a. viscid, yellow crystalline solid when continuously stirred. 
The ))recipit}itc is probably a defmito alcoholate ; most of the alcohol can be 
removed in vacuo over phosphorus pentoxide. Alcjohol adheres to this solid very 
tenaciously, and if atttnnpts be made to remove the. last traees of ah^ohol by heating 
the salt in a stre^am of hydrogtm a little sulpliur is lost. A. Rule and J. S‘ Thomas 
found that pyridine is coloured an intense green in contact with sodium tctrasulphidc, 
and the solid slowly changes in colour to bright yellow — -possibly a complex is 
formed. 

The alkali pentasulphides. — J. J. Berzeliu.s^ prepared potassium pentasulphide^ 

K2S5, by heating potass iujn, or one of the lower sulphides with an excess of sulphur, 
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until the excess vaporized. jH. E. Schoiie added that the teiiip. should not exceed 
600 °. M. J. Fordos and A. Gelis say that at lor/^ a mixture of the monosulphide 
and thiosulphate is formed, and at the hif»her temp, the latter is decomposed into 
pentasiilpliide and sulphate ; 4K2S2G3~ilK2^G4'(-Kj>S;,. E. Drechsel also made 
anliydrous potassium pentasulphide by first heating potassium carbonate in a 
stream of hydrogen sulphide, then mixing the product with sulphur, and again 
heating the mixture in a stream of the same gas as before. J. J. Berzelius heated 
four mols. of potassium hydroxide or carbonate with at least 16 gram-atoms of 
sulphur. The reaction with the hydroxide was stated to be 6KOH+12S — 2K2S5 
hK2S203+3H20. E. Mitscherlieh says that during the reaction : 4K2C034“lbS 
--3K2S5 1-1^2^^4-1*1002, the mixture is very apt to swell inconveniently if it 
contains moisture. The excess of sulphur, however great, can be volatilized, but 
if the temp, be not high enough, the excess of sulphur floats as a separate stratum 
on the top of the alkali pentasulphide. If the temp, does not exceed 250 '', all the 
carbon dioxide will be exp<dled, and a mixture of pentasulphide and thiosulphate 
remains. Potassium pentasulj)hide is solul)le in alcohol, the. thiosulphate is not 
soluble, and the obvious nnithod of purification lias been employed, but \V. P. Bloxam 
showed that the separation is not so effective becausis in the presence of the 
pentasulphide, some thiosulphate dissolves. 

The dry methods of preparation give but a crude product ; ecpially unsatisfactory 
are the older wet processes. J. J. Berzelius prepared an a(i. soln. of potassium 
pent asulphide by digesting one of the lower sulphides, or hydrosuljihide with sulphur 
until sat. ; with tht» hydrosulphide hydrogen sulphide is evolved as sulphur dissolves. 
II. E. Scilione says tlui action takes place slowly in the cold — about 3 weeks. Some 
tliiosulphate is also formed. 11. Kose boiled sulphur with a soln. of potassium 
carbonate, and obtained a mixture of the peutasulphidt^ and thiosulphate ; similar 
results were obtained with potassium hydroxide. 11 . E. Schone prepared hexa- 
hydrated SOdium pentasulphide, NhuSs. 61120 - 2)0ssibly mixed with the corre- 
sponding tetrasulphide -by dissolving sulphur in the monosulphido, evaporating 
the soln, to a syrup, and adding alcohol, lie suggests that the prodtict is 2)Ossibly 
a mixture of tJie tetrasulphide with sulphur. JI. Bottger dissolved the necessary 
ainount of sulphur in a soln. of the jiionosulphide, und, after exposure for some days 
to a winter’s cold, ol)taincd crystals of tin', tetrasulphide ; the muth(‘.r litpiid, at — 5 °, 
gave dark orange-yellow crystals of octohydrated sodium pcntasuli^hide, K2S5.8II2O, 
E. Drechsel also prepared tlu' pe.ntasul])hide by boiling an alcoholic*, soln. of the 
hydrosulphid(3 with pciitasulpliidc, 2KSH-j ] 2HoS ; and C. Hugot 

made iniijure sodium 2)cntasulphidc by dissolving an excess of sulphur in a soln. 
of sodium in licpiid ainiuoiiia. The red sola, docs not solidify at - ; the residue 

left on eva])orating the ammonia eoniains some admixed sul^^hur which is soluble 
in the liquid. 

W. P. Bloxam did Jiot succeed in Jiiaking sodium ])entasulphide by the action 
of the calculated amount of sul2)liur on the liydrosulphidc under the influence of 
heat, and during the passage, of a current of hydrogen sulphide. ^Jdiis is confirmed 
by the work of A. Rule and J. S. Thomas, who tried to make sodium pentasulphide 
by dissolving the calculated amount of sulpliur in alcoholic soln. of the h3dro- 
suljiliide, but found that while a pure sodium tetrasulphide can be obtained when 
Na : S--2 : 1 in the soln., the product.s vvitli a .smaller proportion of sulphur are 
prol)ably mixtures of t<‘.trasulphide with unchanged hydrosulphide, and a larger 
proportion of sulphur the product was heterogeneous. In W. 1\ Bloxam’s attempt 
to make potassium pentasulphide by dissolving the requisite amount of sulphur 
in a hot aq. soln. of the monosulphide, aided by heat, and concentrating the soln. 
in a stream of hydrogen sulphide, he found that the hot soln. takes up enough 
sulphur to form the pentasulphide, but some is deposited on cooling, to form a 
stable soln. containing K : S in the ratio 4 : 9 , but if the hot soln. is cone, in a 
stream of hydrogen sul2)hide, a soln. is obtained which furnishes crystals of the 
hydrated potassium pentasulphide, K2S3.nH20. W. P. Bloxam accounted for the 



638 


INORGANIC AND THEORETICAL CHEMISTRY 


formation of a higher polysulphide than can be obtained by the direct sola. <- 
sulphur in the hydrosulphido as follows : 

Hydrogen sulphide rapidly decomposes polysulphides, if passed through a roM sohi., 
sulphur being copiously deposited and potassium hydrosulphido formed. If, howov( i ’ 
hydrogen sulphide is passed through a Aof soln. of a polysulphide, no deposition ot snlphiu 
is observed, but the depth of colour is increased. It is suggested that some potasHiiiin 
hydrosulphido is formed on passage of hydrogen sulphide through a hot soln. of 
and that the liberated sulphur, at the moment of its separation, is taken \ip by unaltertM 
K 4 SB, forming the higher compound K 4 SJC. 

W. P. Bloxam s product, K4SJ0 or K2S5 may be a mixture, since it appears as tin 
end-member of a series of products, K4S5, K4S6, K4S7, K4&8, K4S9, and K4S2Q, many 
or all of which are probably mixtures of a polysulphide with the hydrosulphidc. 
Just as sodium tetrasulphide is probably the most stable polysulphide of sodiinn, 
so potassium pentasiilpliide is probably the stable polysulphide*. of potassium. 
Consequently, the end-term of Bloxam’s series is probably a true pentasiilpliide. 
A. Rule and J. S. Thomas prepared highly satisfactory potassium pentasiilpliide 
by the following process : 

One gram of potassium was di.ssolved in 15 c.c. of absolute ethyl alcohol, and the soln. 
was sat. with dry hydrogen sulphide. 1 *04 grrns. of finely ground rcery stall ized rliornhit* 
sulphur were? otldcd, an<l the soln. was boiled gently on a water- bath for about one houj*. 
a rapid current of dry hydrogen being passed through it. On the addition of tin* sulphur 
a vigorous reaction at once took place even in the crohl with evolution of hydrogim siilpliido, 
and the soln. became deep red. The .sulphur dissolved, and after a short time a bright 
orange-red crystalline solid separated out. The soln. was cone, to about 5 e.c., the product 
collected on a filter, sprayed with alcohol, and k(jpt in a vncmirn over phosphoric oxide. 


A. Rule and J. S. Thomas' f.p, curves of binary mixtures of sodium and potassium 
monosulphides with sulphur — Figs. 36 and 39 — show that while potassium penta- 
sulphide gives a well-defined maximum, the maximum with soilium pentasiilpliide 
is very much flattened. R. Kremaim has shown that the*, dissociation of a com- 
pound must be attended by the flattening of the maximum on the freezing or fusion 
point curve, and this the more the greater the extent of the dissociation. Hence, it 
is evident that sodium pentasulphide must be very much dissociated because of the 
very slight rise of tlie maximum. Similar results were obtained by R. Abegg and A. 
Hamburger with certain potassium polyiodides. The well defined maximum observed 
by \V. Biltz and E. Wilke-Dorfurt in the fusion-point curve of mixtures of rubidium 
sulphide and sulphur shows the existence of a stable rubidium pentasulphide^ 
Rb2S5, a dark-red crystalline solid which was prepared by melting together one of 
the lower sulphides with the requisite amount of sulphur, and also by the action 
of warm soln. of the monosulpbido on powdered sulphur and aq. alkali hydroxide 
in an atmosphere of hydrogen. Similar remarks apply to ccesium pentasulphides 
CS285, which also shows a well-defined maximum on the fusion curve of binary 
mixtures of ciesium and sulphur and which is obtained in an analogous manner. 

The hydrated sodium pcntasiilphides reported respectively by H. E. Schbne 
and H. Bottger are said to form brown or dark orange-yellow crystals ; these 
products are probably mixtures of sulphur and sodium tetrasulphide. Anhydrous 
potassium pentasulphide, prepared by the dry process, is said to be a dark yellowish- 
brown solid, and the sjiecimen prepared by A. Rule and J. S. Thomas' process is 
described as forming glistening orange-red crystals. W. Biltz and E. Wilke-Dorfurt’s 
rubidium pentasulphide is said to crystallize in dark-red rhombic prisms ; and 
the cfiDsium salt to form red crystals. Potassium pentasulphide is extremely 
hygroscopic and is rapidly oxidized on exposure to air with the liberation of sulphur ; 
the rubidium salt also deliquesces to a red liquid from which sulphur crystallizes 
out ; while the caesium salt is not hygroscopic. 

A. Rule and J. S. Thomas give 251 * 8 '^ for the melting point of sodium penta- 
sulphide, and 206 ® for that of the potassium salt. When the potassium salt is 
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heated in a capillary tube, it begins to darken at 130®, and appears quite black 
at 182® ; it begins to sinter at 200®-"2Cl5®, and melts not very sharply at about 
220®, On cooling, the salt passes through similar colour changes in the reverse 
order, and finally assumes its original appearance ; there are no signs of any decom- 
position, so that the salt can therefore befu^ ed without decomposition. H. C. Jones 
says that when sodium 2 )entasulphide is heated it gives off sulphur and forms the 
tetrasulphide. W. Biltz and E. Wilke-Dorfurt give 231° for the m.p. of rubidium 
pentasulphfde salt, and 210° for that of the cfiesium salt. H. Bottger says that 
the crystals of octohydrated sodium pentasulphide which he obtained lose part 
of their sulphur when heated to 100° in a stream of hydrogen, and at higher temp, 
liberated hydrogen sulphide. E. Drechsel says that potassium pentasulphide 
burns when heated in air, and it oxidizes to potassium sulphate and sulphur dioxide, 
and when oxidized slowly in badly stoppered vessels, it forms the thiosulphate and 
sulphur ; when melted in a strt'am of water vapour, it forms potassium sulphate 
and hydrogen sulphide. 

The alleged sodium pentasulphide was stated to dissolve in water^ and 
H. C. Jones said that when the aq. soln. is warmed, hydrogcui sulpliide is evolved, 
forming the thiosulphate: Na 286 +JH 20 -^ 3 n 2 S'f-Na 282 ^ 3 * Kiister and 

E. Heberlein give for the degree of hydrolysis of a soln., with the cone, of sulphur 
corresponding with Na 2 +S 5 . 24 , to be 5*7 per cent. H. Buff reported that the cone, 
soln. of sodium pentasulphide is a good conductor of electricity — sulphur accumulates 
about the anode, sodium is discharged at the cathode, and the li<juid is at the same 
time decolorized, forming sodium monosulphide. When the soln. is decolorized, 
hydrogen and oxygen are liberated at the electrodes, and some hydrogen sulphide 
is formed. A. Rule and J, S. Thomas found jjotassium pentasulphide dissolves 
readily in water, forming a red soln. which darkens in colour when heated. According 
to J. J. Berzelius, the aq. soln. of 2 )ota 8 sium 2 )t*ntasulphidc has an alkaline bitter 
taste, and an alkaline reaction. According to H. Rose, the temp, falls as potassium 
pentasulphide dissolves in water. The aq. soln. deposits sulphur when exposed to 
air and forms thiosulphate : 2 K 2 S 5 -) 3 O 2 — 2K2S203+b^* W. Biltz and 

E. Wilke-Dorfurt say that rubidium pentasulphide is at once decomposed by 
water while the caesium salt is unaffected. Potassium pentasulphide readily dis- 
solves in alcohol, but less readily than in water, forminga red soln. which darkens 
in colour when warmed ; if the salt be contaminated with potassium sulphate or 
thiosulphate most of these impurities remain undissolved. According to 
H. E. Schone, 90 per cent, alcohol precipitates a rod oil from cone, aq, soln., and this 
oil is thought to be the octohydrated tetrasulphide, K 2 S 4 . 8 II 2 O. According to 
A, Rule and J. S. Thomas, the alcoholic soln. deposits sulphur when exposed to 
air ; but, according to H. 0. Jones, alcoholic soln. deposit sodium thiosulphate 
alone, and aq, soln. deposit sulphur alone. According to A. Rule and J. S. Thomas, 
if potassium pentasulphide be shaken with cold alcohol, a well-defined bright 
yellow alcoholate is formed in small monoclinic prisms, W. Biltz and E. Wilke- 
Dorfurt say that rubidiiiiii pentasulphide remains unchanged under cold alcohol, 
hot ethyl sul 2 >hide, or chloroform ; and that the caesium salt can be crystallized 
unchanged from 70 per cent, alcohol. The majority of organic solvents are without 
action on potassium pentasulphide. Pyridine in contact with potassium penta- 
sulphide is coloured an intense brownish-red and the liquid becomes opacjuc — 
possibly a complex is formed ; and nitrobenzene in contact with potassium penta- 
sulphide is coloured magenta in the cold ; the colour fades when* warmed, and the 
salt can be fused below the liquid. The colour returns, and the salt remains 
unchanged. The red crystals of rubidium pentasulphide behave similarly in 
contact with nitrobenzene ; and they are coloured yellow in contact with carbon 
disulphide^ and the latter is slowly absorbed by the salt. 

H. Bottger has said that when a soln. of the alleged sodium pentasulphide is 
boiled with lead hydroride» it behaves like a mixture of sulphur and sodium mono- 
sulphide, for lead sulphide and sodium thiosulphate are produced ; he adds that in 
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the first stage of the roaetion lead siilpJiide, sodium hydroxide; -afl^ '^tithhux arr 
produced, and that the. two latter then ryacl to form the thiosttlpleat^e^. When an 
acid is gradually added to an aq. solin of potassium pontasulphido, hyclrogi ji 
sulphide, milk of sul[)hur, and the potassium salt of the acid are formtxl { on iIjl*.. 
contrary, if the sul[)hide be gradually added to an excess of tln^ acid, a potassimi) 
salt of the acid and liydrogcn persulphide, .ILS5, are formed. The lower siilphidr.; 
behave in an analogous manner. According to A. Duflos, if hydroge|l sulphide 
be passed into a soln. of the pentasnlpliide, sulphur is precipitated, an?l potassium 
sulphide is formed -hence, the affinities are reversed according to the tcm}>. 
L. N. Vainpielin found that the aq. soln. of the pentasulphidc readily gives U]) 
fourdifths of its sulphur to many of the heavy metals — very rajiidly to copper- 
forming the metal sulphide, sulphur, and the alkali monosulphide ; similar remarks 
apply to the action of .silver on the dry salt at a red heat — silver sulphid(? and 
potassium monosidphide are formed. Ac(a>rding to M. Rerthelot, when any of 
tin? polysulphides are luxated to redness in a stream of carbon dioxide, sulphur, and 
a mixture of carbon monoxide, oxysuljihidcs and sidphur dioxide are formed. 
AV. Spriug and J. Demartoaii say that iodine precipitates sulphur from sola, 
of the polysulphidos ; the sulphur dissolves in the remaining jnonosul])hide. 
forming the tetrasuJphidc ; potassium sulphite react >s with all polysulphides, 
forming thiosulphat(i and monosulpliide ; they dialyse uniforjidy and com])l(;tely, 
and are not to be regarded as colloidal soln. ; and they give ethyl disulphide. 
(C2irji)2^2j when treated with ethyl bromide or ethyl iodide. Hence, say W. Spring 
and J. Demarteau, otie sulphur atom in tlie ])olvsulphide.s may l)e regarded as 
more firndy tixed in the mol. than the others, wlien thedr behaviour with 

inorganic substances is considered, and with (ho alkyl halides behave as if lliey 
had the formula soln. of snlj)hur in tiie disulphides. F. W. Kiistcu* 

and E. IleJ)erlein regard them as salts of compli*x tliio-aeids of the type 
analogous to the <'/omplex iodide, Afl.T,,. For tin*, gtmeral discussion on the 
constitution of (he pcdystilphide, c/f/r hydrogen pc»rsul}jhid«‘.s. 

The alkali hexasulphides. A. KulV and J. 8. Thomas' f.p. curv(3 of jnixtnres 
of sulphur and sodium moixosulphide. Fig. »*]8, immediately beyond the pcntasulphido, 
becomes horizontal, corresponding with the formation of a sat. soln. of sul]>lnir 
in sodium pentasulphidc, melting at 249’; and indieatijig that (he pejitasulphide 
is probably the highest ])olysul])hid(i wJiieh e.an he ol>(aim‘d by fusijjg togetlier 
sodium monosul^djide and salpluir. With tie* f.]). curve; of potassium mono- 
sulp}iid(3 and sulphur, th<;re is a much-fiat temed iiiaximum cornv^ponding with 
potassium hexasulphide, K2H0. showing that this compound is consid(;rably dis- 
sociated at the m.p. — about 181)", With Jtiorc; than T o per cent, of sulpliur the 
curve becomes horizoniul, and with still more sulphur, the mass s(q)aTates into two 
layers- - a sat/, soln. of sulphur in the" liexasulphide melting at 188'^, and the other 
is virtually sulphur mt;lting at llT o^ W. lliltz and E. W ilke-Dorfurt's f.p. curve, 
Fig. 4t), of mixtures of sulpliur with rubidiiuu, show that dissociated rubidiuni 
hexasidphide, RboSgyis form(‘d, and tliis compound lias Ix'c.ji obtained as ii brownisli- 
red solid by melting togetiicr the r<*qui.site amount of suljihur with one of the lower 
sulphides. It melts at 2Ul , and with more; sulphur the horizontal curve has a 
constant f.p. at 18 t )’6 ’, tlie value for a sat. soln. of suljihur in molten liexasulphide. 
Rrowulsh-rcMl CSBSium hexasulphide, CsgHg, was obtained in a similar manner. 1 ho 
f.jD. curve, iMg. 4J , likewise shows that it is a dissociating solid melting at 186^ ; that 
no higher sulphides arci formed ; and the subsequent course of the curve has the 
constant m.p. of 172 8" — the value for a sat. .soln. of sulpliur in molten hcxasulphidc?. 
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§ 23. The Alkali Hydrosulphides 

The preparation ot the alkali hydrosulphides.-- J . J. Berzelius^ prepared 
lithium hydrosulphide — ^presumably impure LiHS™"by the action of hydrogen 
sulphide on red-hot lithium carbonate. J. L. Gay Lussac’/ and L. J. Thenard made 
brown masses of sodium and potassium hydrosulphide, KSH, by hiiating the alkali 
metal hi a current of hydrogen sulphide. The reaction 2K+21[2S-->2KSH+H2 
recalls tlie action of the same metal on water, 2K+2H20->2 KOI t +Bz- Consequently, 
tdic same amount ot potassium which, with water, gives one volume of hydrogen 
gas, also gives one volume of the same gas when heated with two volumes of hydrogen 
sulphide. According to P. Sabatier, these products always contain polysulphides ; 
Avith sodium, he obtained a mass of the composition Na 3 S 2 H, and he also made 
the same salt by saturating a soln. of lithium sulphide with hydrogen siilj>hkle, 
and evaporating the product to a syrupy liquid which was dried in vacuo over 
anhydrous potassium carbonate. He also gave an analogous process for making 
potassium hydrosulphido. J. J. Berzelius also made sodium hydrosulphide, 
NaSTI, by the action of an excess of hydrogen sulphide on a soln. of sodium hydroxide. 
W. P. Bloxam sat. with hydrogen sulphide a 27*82 per cent. soln. of sodium hydroxide 
at lOO"^. W. Biltz and E. Wilke-lJorfurt obtained a soln. of potassium hydro- 
sulphide, KSH, in a similar manner. H. E. Schone recommended dehydrating the 
hydrated crystals by evaporating the soln, in vacuo or in a stream of hydrogen 

von. II. 2 T 
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sulphide, and subsequently dehydrating the crystals at 200""— W. P. Bloxam recoin 
mends 445°. 0. Gu6ranger stated that crystals of the hydrosulphide cannot I;-, 

obtained by evaporating the soln., beenusc hydrogen sulphide is lost during tin* 
evaporation and the monos ulphido, Na 2 S, is formed. Hence, the soln. is cone, i.i 
an atm. of hydrogen sulpliidc. In P. Sabaticr\s method, crystals of cnncahydnih ci 
sodium sulphide are sat. with hydrogen sulphide, and the soln. evaporated in a 
current of hydrogen sulphide free from air. According to VV. P. Bloxam, the action 
is too slow ; he failed to obtain the desired salt by this process. Instead, he recom- 
mended heating the crystals of the enneahydrate, Na 2 S.lUJ 2 (b 85°, and saturaf ing 
the fused salt with hydrogen sulphide, when tlie ratio Na : S in the soln. is that 
required for the hydrosulphidc with but a slight deliciency — 0*19 per cent.— of 
sulphur. The proportion of hydrogen sulphide absorbed de])ends on the cone, of 
the alkali hydroxide, for the more dil. the soln. the less the proportion absorbed. 
According to A. Rule, it is very doubtful if the alkali hydrosulphides of a high 
dt'groc of purity have been made by wet processes. 

\V. P. Bloxam also described a method for making (he anhydrous alkali liydro- 
sulphides employed by A. Scott for the prejiaration of anhydrous imtassium hydro- 
sulphide. In this process, hydrogen sulphide is passed into rectified ether containing 
the alkali metal. With potassium, liydrogen is rapidly evolved from the surface 
of the metal which remains quite bright throughout the reaction, and potassium 
hydrosuljjhide separates as a snow-white ])Owcler. The product is wuslied with 
rectified ether, and on drying over sulphuric acid, in vacuo, it is obtained as a pale 
yellow, pulverulent crystalline mass. A. Rule prepan^d anhydrous potassium uiid 
sodium Iiydrosidp hides in a high degree of purity by the action of hydrogen sulphide 
on the alkali ethoxide. 

Two grams of sodiuni were dissolved in ubsoluio alcohol, freshly disiillod over quick- 
lime, in a tlask fitted witli a reliux ctmdensor. As sodium etlioxido began to He})arale out. 
more alcohol was added until just sulheient vv<is prc'St'ut to ro*lain the product in i^oln. at 
the room temp. — 10 c.e, were ueede<l. The flask was litte<i with a 2-holc stopper Htted 
witli delivery and ogress tube to which calcium chloride tubes w^ere attaeluHl. Uydrug<‘n 
sulphide washed in water, and dried by a long column of calcium chloride was pa^styl 
rapidly into the. soln. A iino e.rystallino prcei])ita.to fornu'd in the soln., and increased in 
amount with Iho eontinued passage of the gas. When the soln, was sat. with gas, the 
]:)roci[)itate was coUeeted, rapidly Ultered, washed with absolute alcohol, and diied in vacuo 
over calcium chloride. The ])rocipitate weighf'd 0-25 grin. When bt*nzeno or eth(‘r is 
added to the soln., a ];i*ecipitate of ymre anhydrous sodium liydrosulphido is obtained. 
This is washed and dried as before. 

For preparing larger quantities of tbe hydrosulpliide it is 7 nore convenient to carry 
out the reaction in the presence of an excess of the precipitant — say 5 grms. of 
sodium with a mixture of 10 grms. of absolute alcohol and 10<-) c.c. of pure dry 
benzene, more 'alcohol is added trojii time to time to keep the ethoxide in soln. until 
all the sodium is dissolved. This liijjuid is treated with hydrogen sulphide as before. 
The reaction seems to be quantitative and to be expressed by the equation: 
C 2 H 50 Na I-II 2 S — (J 2 H 501 I-rNaHS ; potassium salt is prepared in a similar manner. 

\V, Biliz and K, Wilke-Dbrfurt prepared rubidium hydlOSUlphide, KbSH, by 
the method used by J. J. Biirzclius for lithium hydrosulphide ; the}^ also prepared 
caesium hydrosulphide, CsSH. l^utb salts crystallized in about a week from 
the aq. soln., in vacuo over calcium chloride, in white lustrous very deliquescent 
ncedle-like crystals of the anhydrous salts. 

Two hydrated sodium hydros ulphidcs have been prepared. According to 
W. P. Bloxam, dihydrated sodium hydrosulphide, NallS.2n20, is formed by 
evaporating the cone. soln. in a stnjam of hydrogen sulphide until crystals separate 
on rapid cooling ; and also by evaporating a cone. soln. over sulphuric acid. 
R. Bottger regards this as hemilrihydmtcd sodium hydrosuiphidCy NaSH.l^H 2 G. 
W. P. Bloxam says that trihydrated sodium hydrosuiphide, NallS.SlJoO, is fornied 
in large colourless crystals when the dihydrate is allowed to stand for a long time 
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in the mother liquid. The same crystals were also prepared by A. Baudrimont. 
According to H. E. Schone, the evaporation of u cone. soln. of the potassium salt 
in vacuo over calcium chloride and solid j)otassium hydroxide furnishes colourless 
transparent rhombohedral crystals of tetartahydrated potassium hydrosulphide, 
KSH.iU20 ; while W. P. Bloxam, and P. Sabatier obtained hemihydrated potassium 
hydrosulphide, KSH4H2O, under similar conditions. It is therefore not clear 
whether the salt is iKSH.HoO or 2KSH,H20. 

The properties of the alkali hydrosulphides.- According to A . Kule, the anhydr ous 
alkali hydrosulphides form white, granular, pulverulent Cr3rstals, less pure forms 
are tinged yellow. The white colour often acquires a pale-yellow tinge during 
washing and drying. According to W. P. Bloxam, dihydrated sodium hydrosulphide 
forms colourless prismatic crystals, and the triliydrate, large, colourless, lustrous 
rhombs. He adds that the triliydrate is to be regarded as tlie more stable form. 
According to H. E. Schone, the hydrated potassium salt forms transparent, colourless, 
lustrous, rhombohedral crystals. The white crystals of the alkali hydrosulphides 
may turn yellow on exposure to air. Lithium hydrosulphide becomes dark brown 
when heated ; and molten potassium hydrosulphide appears to be blat‘k, the molten 
hydrate solidified to a llcsh-coloured crystalline mass. W. P. J31oxam gives 455® 
for the melting point of anhydrous potassium hydrosulphide. At 450®, the edges 
of the crystals were fused, at 510® the mass formed a tranquil liquid. No gas was 
evolved at 560®, and no signs of the reaction 2KSir*-— K2S"['H2S appear ; hence, 
adds W. P, Bloxam, potassium hydrosulphide is therefore stable on exposure to 
heat, and in this respect will bear comparison with the oxygen analogue KOH. 
According to P. Sabatier, silica vessels are attacked by the fused alkali hydrosul- 
phide. Trihydra ted sodium hydrosulphidc was found by W. P. Bloxam to have 
the m.p. 22® ; and when heated to 360®, it loses 20*53 per cent, of sulphur. 
W. P. Bloxam found the crystals of hemihydrated potassium hydrosulphidc to bo 
stable in vacuo, or wheix heated up to 170®, but between 170® and 200"', they lose 
their water of crystallization and a little hydrogen sul2)hide, while the residue is 
mainly potassium hydrosuljihide. H. E. Schone and P. Sabatier dehydrated the 
potassium salt by heating it to 200® in a stream of hydrogen sulphide. 

J. Thomscji gives for the heat of formation witJi solid sulphur (Li,SJl)aq, 
66*08 Cals. ; (Na,S,H)aq, 66*49 Cats. ; and (K,S,H)aq, 65*1 Cals. P. Sabatier 
gives Na2S+Il2Sgas==NaSH+9*3 Cals.; for the corrcsijonding reaction with 
K28, 19 to 20*8 Cals.; and 2NaOH+2IT9Sgas- 2H20gas+2NaSllH 16*3 Cals. 
Similarly, for 2K-Ml2Sga9-l'S,oiui-"2KSH+f28 Cals.; and KOHaq+ILSaq 
--HSnaq'|-7*7 Cals. 1 \ Sabatier’s value for the heat of hydration is 
NaSH4-2H20ii,^„i,i — NaSH,2IT20-f5*93 Cals,, and with solid water, 3*07 Cals. 
The heat of solution found by P. Sabatier is 4*4 Cals, for NaSH, between lO ' and 
16® ; —’1*53 Cals, for NaSH.2H20 at 17*5® ; 11. de Forcrand gives —1*50 Cals. 
P. Sabatier gives for the heat of soln. of KSH, 0*77 Cals. ; and for KSll +0-5ll20ii«jui<! 
=0*62 Cal. The latter number does not agree with the former when it is remembered 
that the water is lost only towards 200°. Probably the former is too low. The 
heat of dilution of a soln. NaSII+4-47H20 is —0*72 Cal, of a soln. NaSH+D’eSHgO, 
—1*00 Cal., and tlie value decreases steadily for more dil. soln., becoming zero 
with NaSH+200H20. P. Sabatier gives for the heat of the reaction 
NaSHaq+lIClaq---NaChiq-i HaSaq-f 6*00 Cals. 

The solid alkali hydrosulphides are hygroscopic, and readily soluble in water* 
The soln. of potassium hydrosulphidc has a smell of hydrogen sulphide, has a strong 
alkaline reaction, and tastes alkaline and bitter. 0. Bock’s values for tlie specific 
gravities of soln. of potassium hydrosuli)liide of different cone., at J8 ' (wafer at 
4® unity), are indicated below. F. M. Kaoult gives 0*648® for the lowering of the 
freezing point per gram of anhydrous sodium hydrosulphidc in ICK) grms. of water, 
and the mol. lowering is tliereforc 36*3. J. W. Walker calculates that the degree 
of hydrolysis of Y^iV-soln., at 25®, is 0*14 per cent. J. J. Berzelius believed that 
the aq. soln. of potassium hydrosulphide is not decomposed on boiling, and, in the 
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preparation of the salt, the latter reconmiends boiling the soln. to free it hvin .i,, 
excess of hydrogen sulphide, and evaporating it to dirness. On the conlm,, 
L. J. ThtWrd says that the aq. soln. is decomposed on boiling. E. DrechseJ 
that hydrogen sulphide is given off from the aq. soln. at 70" ; D. Gernoz say.s ih'.i-. 
the soln. loses hydrogen sulphide when a stream of air, hydrogen, or nitrogen i^ 
pas,sed ; and H. E. Schone that by boiling the soln. 1^ hrs., potassium hydrosulpliiile 
is for the mo.st part decomposed into the monosulpbide, since boiling soln. ]o,,i' 
hydrogen sulphide continuously and slowly. H. E. Schone says that if boiled haig 
enough tlxi hydrosulphide or sulphide W'ould be ultimately converted into tin- 
h^’droxide. W. P. Bloxam found that when a 20 per cent. soln. of the hydraled 
.salt, KSH.^HaO, was boiled vigorously for 1^ hrs. in a .stream of hydrogen, onlv 
1’06 per cent, of the salt was lost by t he escape of hydrogen sulphide. Hence, 
H. E. Schone’.s statement is probably wrong, and neither of the cquation.s 
2 KSH-K 2 S+n 2 S, or 2 KSH+ 2 H 20 = 2 K 0 Hd-' 2 H 2 S, represents the deconipo.si- 
tion of the .salt in boiling aq. soln. Similarlj’, W. P. Bloxam found that while an 
aq. soln. of soduuu hydrosulphide is less stable than one of potassium hydrosulphide, 

“ it Is not true to say that a soln. of sodium hydrosulphide, on boiling, becomes 
converted into one of the monosulphides, Na 2 S.'’ 

According to P. Bunge, the electrolysis of potassium hydro8ul})hide furnishes 
sulphur and hydrogen sulphide at the positive pole and hydrogen at the negativt! 
polo. According to 0. Bock, the specific electrical conductivities of soln. of potassium 
hydrosulphidc and the temp, coeff. of the conductivity at 18", ar(f ; 


Por cont. . 

. 4 09 

7*80 

15*08 

133*43 

39*22 

5J -22 

Sp. gr. 

. 10232 

1*0450 

I *0889 

1*2124 

1 *2428 

1 •.•J22<i 

Specific conductivity • 

. 0'0r)3r> 

0*1039 

0*1928 

0*3749 

0*3982 

i)-4()0:t 

Temp. coei^. 

. 0*0219 

0*0207 

0*0191 

0*0178 

0*0178 

0 0J8!t 


The effect of an excess of hydrogen sulphide has very little iiiHuencc on the solubility 
of potassium hydrosulphide because, us V. Rothmund has indicatf^d, this salt is 
too little ionized for the slightly dLssociated hydrosulphuric acid to have an 
api>rcciablo influence on the solubility. 

The soln. of potassium hydrosulphidc. is oxidized in the air and becomes yellow 
while pota.ssium sulphide and potassium hydroxide are fonried, and later potassiiuu 
thiosulphate. E. Filhol also found that ver}'^ dil. soln. of sodium hydrosulpliidi! 
furnish polysulphides with the deposition of sulphur and tlie formation of sulphate. 
Th(! action of the carbon dioxide in the air displaces a little hydrogen sulphide ; 
if potassium hydrosulphide be exposed to air, free from carbon dio.xide, no hydrogen 
sulphide is evolved. Carbon dioxide acts rapidly on the salt or on its aq. soln. 
with the evolution of hydrogen sulphide, and the formation of the corre.sponding 
carbonate. As a result, a very slight absorption of hydrogen siilphide is observed ; 
the, salt, however, remains quite white. When sulphur is dissolved in the soln. of 
alkali hydrosulphide ; hydrogen sulphide is evolved, especially when heated. 
W. I*. Bloxam studied the action of sulphur on aq. soln. of pota.ssiuni hydrosulphide, 
and ho did not succeed in isolating any compound of undoubted chemical in<li- 
viduality. He showed that sulphur dissolved by the soln. reacts with only a portion 
of the hydrosulphide yielding a polysulphide richer in sulphur than corrospoJids 
with, the dissolved sulphur. The cireumsianct^ is probably duo to tlie tendency of 
the soln. to form one predominating polysulphide. AcidS displace hydrogen 
sulphide, and if air has access to the soln. sulphur is precipitated. The hydro- 
sulphides are soluble in alcohol. A. Rule and J. S. Thomas found that alcoholic 
soln. of sodium or potassium hydrosulphidc can dissolve sulphur to an extent 
represented by the formula Na^Sa-g or KoSa.g, but the soln. furnish only the 
anhydrous potassium pentasulphide, K 2 ^,”or anhydrous sodium totrasulphidc, 
Na2S4. 
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§ 24. Ammonium Sulphides. 

According to H. Kopp,^ the preparation of the volatile compounds of sulphur 
has been known from very early times ; “ Basil Valentine," for example, .said a 
blood-red oil is formed wlum a mixture of common siilpliur, quicklime, and sal- 
ammoniac is (listilh'd ; and in the seventeenth century J. Begiiin used a similar 
method of ]) reparation, and the product w'as known for a time as spiritus fmmns 
mlphuralus, or spiritus sidphnris voUuilu Bejjuipi. K. Boyle also drew attention 
to the power this liquid possessed of blackening tlie metals, and he termed it the 
volatile tincture of sulphur^ and for some years afterwards the liquid was called 
liquor fumans Boylei. F. Hoffmann recommended the use of the liquid medicinallv, 
and it was then callcul tmeiura sulphuris volatilw Fr. Iloffmamri. F. Hoffmann also 
knew that cinnabar is formed by the action of the liquid on mercury. The liquid 
is a mixture of ammonium hydrosulphide and of several ammonium polysulphides. 
H. Boerhaave noted that aqua ammonia can dissolve flowers of sulphur, and on 
account of the similarity in the action of this lifjuid and liver of sulphur on metal 
salt soil!., it was called volatile liver of sulphur. G. Calcagni found 100 c.c. of aqua 
ammonia can dissolve 1’367 grms. of sulphur. It. Kirwan (1786) also described the 
preparation of this product by leading what he called hepatic air, that is, hydrogen 
sulphide, into aqua ammonia. Volatihi liver of sulphur is made by distillation 
from a mixture of sulphur with twice its weight of ammonium chloride (phosphate 
or sulphate), and also of lime. J, L. Gay Lussac says that free ammonia is first 
given off, then follows ammonium hydrosulphide in crystals which afterwards 
dissolve in the dark yellow distillate. C. L, Berthollet (1796) and L. N. Vauqiielin 
(1817) also studied the product. The distillate fumes in air, but not in hydrogen, 
oxygon, or nitrogen ; it can dissolve more sulphur, forming an oily liquid which 
docs not fume, and which deposits some sulphur when mixed with water. 

The preparation of ammonium hydrosulphide.— In his memoir, Bur quelques 
conibinaisons anwumiacales et sur le role que joua P annmyiiaque dans Ics reactions 
chimdques (1838), A. Bineau ^ showed that hydrogen sulphide and ammonia gas 
unite at ordinary or more elevated temp, volume for volume to form colourless 
noodles or scales of ammonium hydrosulphide, NH^ -f-Il 2 S— NH 4 SH. The com- 
bination occTirs in equal volumes, say.s A. Bineau, in Avhati^ver proportions the tw^o 
gases are mixed. A. Bineau prepared the compound by passing the two gases in 
equal volumes into a vessel surrounded w'ith ice and previously filled with hydrogen 
or ammonia gas. W. V. Bloxam’s directions are ; 

A wide-uiontJi bottle i.s filterl with a eork and two glass tuht's lo servo u.s inlets for 
the Hydrogen sulphide and ainnioniu respectively, wlxilst u third tube serves as an outlet 
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forth© osoftpo of gttst's. On passing tho ga>s6s» Emmonift bc,in^ in oxcoss, into tho 
cooled with ice, colourless needles nud sceIos nro formed ; but the greater portion is doj x > i; 
on the sides of the bottle as a white, porcelaindiko mass. 

According to W. P. Bloxani, ammonium hydrosulpliido can be prepared ])y 
method in a state of purity, provided the volumes of gases are equal, or if Wus 
hydrogen sulphide is in slight excess, but not if the ammonia is in excess. \n 
aq. soln. of tlie salt can be made by treating aq. ammonia with an excess of hydro :,.]) 
sulphide. VV. P. Bloxam showed that the combination does not then necessarily 
take place in equal j^roportions ; the more cone, the ammonia soln., the smaller the 
relative proportion of hydrogen sulphide taken up by the ammonia, and cohl^ 
pounds of the type {NH4)2S.?^NH4SH are formed. Thus, he found that by leadinir 
a current of liydrogeii sulphide into aqua ammonia of sp. gr. 0‘88, when the volume 
ratio of aqua ammonia : water was : 

: j 1:4 1:1 1:2 1:3 1:4 1:5 

Union, JSTHg ; H^S . 1 : 0-33 1 : 0 00 1 : 0\0t) J : 0 9.^ 1 : 0 95 1:1 1:1 

Consequently, the ammonia (sp. gr. 0*88) must be diluted with at hmst four tiiix^s 
its volume of Avater in order that the hydrogen siilj)bido and ammonia ma)^ unite 
in equal volumes. 4'he (jiiantity of hydrogen sulphide tak(.ui uj) by ojie mol. of 
ammonia docs not vary continuously with the cone., but remains constant, 
NJf3 : JIoS"-! ; 1 for wide limits when tho dilution exceeds 1 ; 4. It follows from 
the fifth of tho above cxi^eriments that the most cone. soln. contains loss than P) 
per C(int. of ammonium hydrosulphido, Nir4H8, and that corn'sponding with the 
1 : 4 dilution contains l(i per cent. NH4HS ; consetjuently, the most cone. aq. soln. 
of ammonium hydro.sul])hide which can be prepared by this jn'occss contains between 
1(> and 19 per cent, of that salt. 

W. J*. Bloxam does not recommend the preparation of this salt by pas.sirjg 
hydrogen sulphide into an alcoholic soln. of ammonia because a complex salt, 
(NH4)2S.'aN]l4S, is obtaitied, and the crystals contain alcohol. K. Laming made 
an aq. soln. of auuuonium hydrosulphido by heating aiinnonium carbonate or ga.s 
lic(Uor with sodium sulphide; P. Hpcnce, by heatiog the tank waste from fho 
Leblanc soda ])roccss or gas lime with ammonium salts in a stream of steam ; and 
J. J. Berzelius recomnieuded subliming a mixture of ani?uonium (diloride and 
potassium sulphide — in excesvS. 

The properties o£ ammonium hydrosulphide, -'According to A. Bincau,^ the 
sublimat*. forms colourless needles or ])lates, and \V. P. Bloxam obtained it as a 
white, porccllauous mass. The salt volatilizes and sublimes at ordinary leni])., 
and it reeets alkaline and smells both of anunoiiia and of hvdrog(*ri sulphide. The 
vapour density of tho mixed gases at 50*7'' is 0*884 ; H . St. C. Devillo and L. Troost 
found U‘89 when the calculated value for a mixture is 0*88 above 50'', tberefon'^ the 
vapour of ammonium liydrosul])liide is only a nxixture, of ammonia and hydrogen 
sulphide, otherwise expressed, the eoin])ound in vaporizing is dissociated, 
NlJ4HSr=^ll2S'bNlT3. K. Kngel and M. Moitessier removed almost all the aninionia 
from the mixture by m(*ans of charcoal ; and at low temp, water removes almost 
all thit same gas leaving hydrogen sulphide as a residue. As F. Isambcrt showiid, 
these experiments do not giv(? any indication of the extent of the dissociation, 
since, in the balancu^d reaction, as ammonia gas is removed from the system more 
of the compound would be dissociated to restore the balance. A. Horstmann found 
that at 57 there is no change in the density of mixtures of different proj)ortioiis of 
the tw^o coinponent gases. The same result was obtained by G. Salet. V. IsambcrPs 
compressibility ineasuremeuts show that the dissociation of the gas is practically 
complete, Thci product pv was measured at different press, for mixtures of the 
component gases at 33"* and 40''. The quotient pvlp^oi at a constant temp, for 
1 to 2 atm. has a value between TOOT and 1*008. (Jonscqueutly, it is not likely 
that the gas(‘s undergo any marked combination, for if they did, the quotient 
would have a larger value. 
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A mixture of ammonia and h}'drogen sulphide does not unite if the press, is 
less than a certain critical value, which depends on the temp. If the press, is at 
or above tins value crystals of ammonium hydros ulp hide are formed; if the press, 
be increased, more crystals will form ; and if the press, be reduced, crystals will 
decomi^ose. When the two gases are present in eq. amounts this press, is called 
the dissociation pressure of the solid. In the present case, if the vapour phase has 
the same composition as the solid with which it is in equilibrium, the system is 
univariaut, and there is a definite dissociation press, for each temj^. F. isambert 
found the dLssociation press, of ammonium hydrosulphide, in mm. of mercury, 
increases rapidly \vith a rise of temp. : 

10*1^ ir>‘‘ 28“ 321“ 32*5“ 35*6“ 393“ 44“ 

Vap. press, . 132 184 259 688 748 772 919 1156 1560 

J. Walker and J. S, Lumsden’s results arc in agreement with F. Isambert's. If 
ammonia or hydrogen sulphide be in excess, a two-component system is formed, 
and there slioiild be a series of press, for each temp., or a series of temp, for each 
press., at which the system is in equilibrium. If the cone, of one of the components 
at a given temp, be varied, the cone, of the other comj)onent as well as the total 
press, of the system will vary, and the relation betw^cen these difl'erent quantities 
will be given by the. mass law. If Ci and be the respective cone, of the ammonia 
and hydrogen sulphide, then in the reaction: Nir3-fHoS^^NIj4llS, where, the 
ammonium hydrosulphide is a solid, with a negligbly small vap. press., 6iC-2— a 
constant ; and if 2h be the respective partial ])ress. of the two gases, and the 

partial press, of a gas is proportional to its cone. (Boyle’s lavr), — a constant. 

It follows tliat if pi be gn^ater than jh, or gi*cater than pi, the product will be 
less than when pi- P:*. This means that an excess of either gas will hinder the 
dissociation of the solid. A, Horstmann, J. Walker and J. S. Linnsden, and 
J. P. Magnusson have studied the dissociation prcs>s. of ammonium hydrosulphide ; 
and J. Walker and J. S. Jjunisdeu, tiu? vap, press, of the alkylamrnonium hydro- 
sulphides. For ammonium hvdrosulphidc, J. P. Magiiusson finds (1) the mass 
law describes the relation bid-ween the partial press, of the ammonium and hydrogen 
sulphide over a range of 95 cm. y3artial j)ress. and at one t(*mp., namely 20°, when 
corrections arc made for adsorption. (2) The deviations from the niass law, 
observed when animonia is ])resent in excess, are due to adsorption of the gas on 
the surfaces with wliicli it is in contact, chieHy on the solid ammonium hydro- 
sulphide. (3) The ile.viations from Boyle's law in the case of ammonia have been 
shown to depend on a time factor, thus showing an interesting bearing of the above 
e\])eriments on our conception of the so-called imperfect gases. 

The melting point of ammonium hydrosulpliide in a closed vessel was found by 
E. Brincr to be 12U° ; and, in tlie presence of an excess of hydrogen sulphide, the 
ni.p. is a triple point: N^SJI^IIo^^+NlIa, and the equilibrium constant is 
ill 22°. The heat o! vaporization of the solid hydrosulphidc, in consequence 
of dissociation, will l)c equal to the heat of formation of the solid from the com- 
ponent gases, viz., 22‘4 Oals., as found by J. Thomsen. According to F. Jsambert, 
the heat of vaporization between 77° and 132° is 23 Cals., and, according to 
J. II. van’t Hoff, calculated between 9‘5° and 25*1° at constant press., 22*7 Cals. 
J. Walker and J. S. Lumsden find that the value of this constant inen^ases with 
a rise of temp., being 19*7 Cals, between 4*2° and 18°, and 22*0° between 30*9° 
and 44*4°. 

J. Thomsen gives 39*03 Cah, for the heat o£ formation of the crystalline salt 
(N,H5,S.;;oi«i)y ^ud wltli gascoiis sulphur, 53*85 Oals. M. Berthelot gives 42*4. Cals, 
for the latter, and for (NH3,ll2S), 23*0 Cals., while J. Thomsen gives 22*63 Cals. 
Th(i latter also gives for aq. soln. of the salt, (N,H4,S,lI,ac|), 50*6 Cals., for 
(NH3,S,H2,ac|), 23*89 Cals.; and for (2H2Saq,2NH3aq), 6*19 Cals. M. Berthelot 
gives --3*25 (Vils. for the heat of solution of one part of ammonium hydrosulphide 
in 50 to 100 parts of water. F. M. Kaoult found the lowering of the freezing point 
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of a gram of the salt in 100 grms. of water to be Q’TOS"", and the mol. lowering <»f 
the f.p., 

W. P. Bloxam found amnioniiim hydrosulpliide to dissolve in winter nioiv 
slowly than the luonosulphido, forming a colourless soln. The laboratory reagtnil, 
known as ammonium hydrosulphide or ammonium sulphide, changes on contaci. 
with air. The soln. prepared by saturating nqutx ammonia with hydrogen sulphide 
is at first colourless, but on exposure to air, it soon acquires a yelloAV colour owing 
to the formation of polysulphides. On prolonged exposure to air, the yellow soltj. 
loses its colour, and deposits sulphur ; and when an acid is added, hydrogen siiljiJiidc 
is evolved, and sulpliur deposited. Similarly, also the colourless soln. of ammoniiun 
hydrosulphide acquires a 5^ellow colotir on exposure to air in consequence of the 
formation of the thiosulphate, and, as pointed out by L. J. Thenard, of poly- 
sulphides ; with a still longer exposure to air, the soln. becomes colourless, and 
sulphur is doi>ositcd. 

According to W. P. Bloxam, a number of hypotheses have betui suggested to 
explain the changes which occur in the oxidation of the soln. : (1) One hypothesis 
assumes that animotiia, water, and sid2)hur are first formed, and that part of llie, 
latter imites with some of thi^. unchanged hydrosulphide, forming the disiilj)hide, 
(NH4)2S2; part forms the thiosulphate, and the remainder is precipitated, 

(2) Another hypothesis assumes that the hydrosulphide is directly oxidized forming 
mol. proportions of thiosulphate and disulphide ; tlie latter i^oJonrs the soln. yedlow, 
and during the decolorization of the soln. sulphite and sulphate are formed. 

( 3 ) According to \V". P. Bloxam's hypothesis, (i) only polysiil])hidcs an^ formed in 

the first stage of the oxidation, for the aq. soln. decomj)Oses into ammonia, wat(‘r. 
and hydrogen sul])hide, the latter is oxidized to water and sulpliur ; the sulphiir 
unites with the undecomposed ammonium liydrosiilphide, giving oft* hydrogcji 
sul])hi(le, and forming a polysulphide, 1'here are no groiuids for assuming tliat 
(NH4)2S2 is the only polysulphidt! which is formc‘d. The action continues until tin* 
highest polysulphide mixture j)ossible for the given com‘. is formed. The y<dlo\v 
colour of the soln. is tlum at its maximum intensity, and no oxidized suljihnr 
present, (ii) In the si^cond stage of the oxidation, the pol\ snlpliides are decom- 
posed by the oxygim of the air: (iii) In the- 

third stage, the liberated sulphur reacts with ammonia, forming ammonium 
sulphite and hydrosulphide : dNJhjH-aH./I | 3S--(NfL)28U3+2NH4STr. (iv) In ilio 
fourth stage, the sulphur reacts with the sulf>hite to form a tliiosulpliate, or with 
ammonium liydrosulphido to form a polysulpliuhi. The end-jiroduct of the oxidat ion 
is ammonium thiosulphate, no sulphate appears to he formed. W. P. Bloxam also 
studied the analytical methods available for detecting the dilTerent aminoninin- 
sulphiir compounds in the presence of one anotlier. 

C. M. Wetherill found that ammonium hydrosulphide is soluble in alcohol, 
and the alcoholic soln. gradually decomposes in a- badly stoppered bottle, forming 
«*.tliyl suljihide, ammonia, and crystals of sulphur. W. Bloxam emphasizes 
that great care should be taken to avoid the inhalation of the. vapours of the 
ammouimn-sulphur compounds, siuc.ci marked physiological ellects arc ])roduccd, 
even when but small quantities arc* present in the air respired. Vapoms of the 
ammonium sulphides produce much more serious effects than hydrogen sulphide, 
the toxic effect l)<*ing greater in proportion to the volatility of the sulphide ; the 
most dangerous compound is the volatile, oily liquid, ammonium diammino-mono- 
sulphide, (NH4)2S,2N.[f3. 

The preparation of ammonium monosulphide, (N 114)28. -A. Bineau * prepared 
this salt In- passing dry hydrogen sulphide, mixed witli twice its volume of dry 
ammonia gas, through a tube cooled to — IH"" : 2NJr3-hH2S --(^114)28 ; while, if 
a greater ])ro|)ortion of ammonia be present, the excess remains uncombined; and 
he adds that at ordinary temp., only the hydrosulphide is formed : NH3-+H2^ 
--NIf4SJr. W. P. Bloxam lias shown tliat t]ie?;’e statements are not eorre<*t. If 
a mixture of the dried gases with a considerable excess of aninumia be conducted 
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into a flask cooled to —18^, not only iiiica*likc crystals of ammonium monosulphide 
appear, but a white mass of ammonium hydrosulphide and fern-like crystals of 
what W P. Bloxam considers to bo (Nll4)2S.wNH4HS, arc also produced. When 
removed from the freezing mixture, the crystals of ammonium monosulpliidc decom- 
pose with the evolution of ammonia ; if iced-water be added to the contents of 
the flask, the monosulphide rapidly dissolves, while the white porcelain mass of 
hyarosulphide passes into soln. rather slowlv. Hence, if the liquid be decanted 
immediately, analyses of the soln. show that the ratio NH3 : HoS is as 2 : 1. If a 
/vrr excess of ammonia be ejuployed an oily liquid of the composition 

(Nir|)2S.2NH;3 ammonium (liammino-sulphid(*- -is formed. However, by carefully 
adjusting the volumes of the gases and the rate of flow, it is possible to prepare 
ammonium monosulphide in micaceous ('.rystaLs. 

The usual method of making a soln. of ammonium monosulphide is to divide 
a quantity of aqua ammonia into equal parts; one part is sat. with hydrogensulphide, 
and then mixed with tin; untreated part. W. P. Bloxam has pointed out that cone, 
soln. of this salt cannot b<^ prepared in this way hec^ausc the <;onc. is limited by the 
need for diluting th(* soln., so that the hydrosulphide mav be formed, without the 
comjnex (^i 114)08. ??NH4SH. Jf the latter were to be produced, the mixed soln, 
would contain an exceSwS of ammonia, and the complex might not bti resolved into 
ammonium sulphide wlum mixed with the aqua ammonia. W. V, Jiloxam further 
showed that the other inethod for making the soln., namely, l)y passing hydrogen 
sulphide in (juantity just sulliciont to form ammonium mono.sulj)hicle, entails 
analysis of the soln. at intervals, in order to guard against the introduction of 
excess of hydrogen sulphide. He says that it ts possible to deterniine c|uali1atively 
or quantitatively any excess citlier of ammonia or of hydrogen sulphide ov«'r and 
required to fortn ammonium monosulphide by the method of E. Div't'rs and 
1. nhimidzn vdth manganous sulphate, or jirefeiably with coi)per sulphate, the 
copper salt giving the sliarper reaction. The following reaction is stated to occur 
with ainmoniuni hydrosulphide: 2ChiS()442NH4Sil=^ :2CuS+(NH4)oS04+U2S04 ; 
and with ammonnim monosulphide: CuS()4-f (NH4)oS-:CiuS+(NH4).7S04, and 
also 2( uS04-f(NXl4)2S f2NH40H-CuS+Cu(0H)2-|-2(NH4)2S04. The examina- 
tion conducted is as follows : 


xVii excess ol a soln. of reerystullized <’uprie sulphate (I c.c. •^-about 0*1 grin. CuSO^) 
IS pbioed in a Cask, y aier is added, and ilie soln. to be exainiTied is rim in. The flask is 
closed by a tightly fitting cork, and the flask and <*ont<'nts shaken ; the rcaciioii is very 
sharp, and the air in tfuUlask, after once shaking,, is invariably free from hydrogen sidphido. 

le supernatant licpiur i.s filtered, and the pn'eipitate reniaimng in the flask is washed with 
not wafer by deeaiitation until free from ac idity and copper salt, 'the filtrato is allowed 
o cool, and titrated wit h derinormal soln. of potassium hydroxide. If the first drops produce 
a 'inbidity, showiiy^ that the inixlnre has not be(u>nie acid, ammonia soln. is added to tlie 
piecipitatc' remaining in the flask, which is well shakt'ii. On filtering, a d(‘ep blu(' soln. is 
o ) amen, showing that an excess ot ammonia over that required to form ammonium 
monosulphide was pre.s<>iit, A soln. containing ammonia and hydrogen sulphide in thf‘ 
oxaet proportions reipnred by ammonium inoiiosulphidii develops no acidity, ami thc» 
pr<?cipitate, after treafmeiit with ammonia, does not vic?hl a blue lilt rale. 'Po detenniiio 
any o,Kcesii of ammonia ipmnfitaf ively, it is only necessary to add to tho eujiric sulphaU) 
soln. in the flask an excess of standard acid, and to proceed as above, the flilYeronco between 
le acid taken and that found by titration eorrosponding to tho excess of ammonia pi*esent. 

Hence, to prepare a cone. soln. of ammonium monosulphide, a current of washed 
hydrogen sulphide is passed into cone, aqua ammonia cooled to until the nmitral 
point is reached. Attempts to obtain crystals by cooling the. soln. to — 4(1^ WTre not 
successful. W. P. Bloxam believes that the soln. so obtained i.s not really the. 
monosulphide at all, but rather a sob. of a mol. of the complex (NJr4)28.2xVH4SH 
in two mols. of arumonium hydroxide, NII4OII ; because of (i) its action on cupric 
sulphate ; (ii) its failure to yield crystals by cooling, nttributed to the solvent 
action of free ammonia ; and (iii) bo(;aiise it exhibits no toiidency^ to dissolve sulphur. 
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Indeed, the soln. evolves hydrogen sulphide and forms a crystalline compound, 
(NIl4)4S9, when rather more sulphur has gone into soln. than is required to foun 
(NH^joSo- H<^ explains the action as follows : 

AV'hon hydrogen sulphide is passed into ammonia soln. (NH4) 2S is tirsfc formed, and tin's 
breaks down giving NH4HS and NH4011. The NH4HS thus produced unites with more 
form eomj)Oimds of the general formula (NH[4)2S.nNll4H.S, the value of v, 
inci-easing vvilh the dilution of the soln. With the strongest ammonia soln., the sat. jjrodiu t 
has th<> com]>osition (XH4)2S.2NH4HS. 

E. Donath prepared a cone. aq. soln. by distilling ammonium chloride witli 
a hot soln. of sodiuui sulphide until half the liquid has passed to the rceoiver. 
E. W. Parnell and J. Simpson patented a process for making ammonium sulpliide 
by heating the mixed residues of the Leblanc and ammonia-soda proc(‘sses ; they 
also used calcium or barium sulphide instead of the Leblanc residue. Ammonimn 
carbonate with calcium or barium sulphide can also be used: (NH4)2C(\ ] JlaS 
- “BaC03-f (NHJwS. According to J. JIabermann, ammonium sulphide free from 
arsenic can be obtained only by using materials free from that element. 

The properties of ammonium monosulphide. — The crystals of ammonium mono 
sulphide, (NH4)2S, have a strong alkaline reaction, and, according to A. Einesii, 
when exposed at ordinar}^ temp., they readily lose half the combined ammonia. 
Jl. 8t. 0. Deville and L. Troost found the vapour density of ammonium mono- 
sulphide to bel'26 and OD o"". R. Engel and A. Moitessier say the <'.ompoiiTid dis- 
sociates ra})idly when the temp, is raised, and at 45"'^, the dissociation is com])lete : 
(NH4)2S--2Nir;3 -I H2S ; vapour density observations agree with this observation. 
This is shown by the work of A. Horstmaim, J. (-. G. de Marignac, and (J. Salet 
who observed that if one volume of hydrogen sulphide be mixed with an etjua! 
volume of ammonia, and then M’itli a third <‘qui-volume of the same gas, no per- 
ce[)tible contraction occurs. E. Isambert found that if one (jompoiient is in excess, 
the vap. press., es])ccially at high temp., is smaller than the sum of tlui va]>. press, 
of ammonium sulphide and of the free gases. K. de Forcrand's value for the heat 
of formation, (No,lf8,S.oiid)‘‘iq, '56*8 Cals.; and for tJie heat of solution, - 8’() 
Cals. ; consequently, the lieat of formation of tlie anhydrous solid from its (4(‘ments 
is 618 Cals. M. Berthelot gives for the heat of neutralization, 2.Nll3a(p|-Jl28^H] 
-^ . . . -rG*2 Cals. 

I'he a(p soln. is a colourless alkaline liquid which smells both of ammonia and 
hydrogen siilj)hide. Unlike E. Priwoznik, K. Heumaun found that the 
iu)ne. aq. soln. reacts with copper giving off hydrogel^, and forming rliombic 
cuprous sulphide, Cu.^S, and that a not inconsiderabh^ amount of copper pass<'s 
into soln. Cuprh*. oxide, CuO, reacts: 2(bi04 2(NH4)28-'- CuvS-h'lNJla'-fHiitM 
and some cupric suljdiide, CiiS, is simultaneously formed. Jhilverule.nt silver is 
not attacked. F. C. Schneider noted that palladous chloride paper is blackened by 
ammonium sulphide ; and C. Buchner showed that when soln. of the (mmplex 
alkali zinc, cobalt, nickel, ferrous or ferric. ])yropho.sphates are treated with a 
soln. of ammonium Jiionosulphide, zinc, cobalt, nickel, ferrous, or ferric sulphides 
are respectively precipitated, and the manganese, uranium, chromium, or aluniiiniim 
salts give no ])rcci])itato. 

L. Troost d<*scribed three different products of the action of hydrogtm sulphide 
with an excess of ammonia, but tliey were not investigated much further. 
E. 0. Franklin found that ammonium sulphide, (NH4)2S, is soluble in liquid ammonia. 
By treating a large excess of ammonia, with hydrogen sulphide in a flask cooled to 

-18"^ W. P. Bloxam obtained a highly refracting v(‘llow oil which was more volatile 
than ammonium inonosul})hide, and which, when removed from the freezing mixture, 
bubbled up and gave off ammonia leaving a residue of ammonium hydrosulphide. 
The composition of the oil corresponded with ammonium diammino-monosulphide, 
(N 114)28.2X113. Th(‘S(» crystals can be regarded as U2S(NH3)4. E. Maumene 

olitained linci crystals frotn a very cone. soln. of ammonium hydrosulphidc in aijua 
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ammonia at ; they had a composition corresponding with ammonium tetram- 
mino-sulphide, (NH4)2S,4NH3, otherwise expressed, with H2S(NH8)0. 

W. P. Bloxain prepared a number of products which he regarded as complexes 
of the composition (NH4)2S.'/?NH4Sn, by conducting a mixture of ammonia and 
hydrogen sulphide into a flavsk cooled with ice ; by saturating cone, aqua ammonia 
with hydrogen sulphide ; and by passing hydrogen sulphide into a soln. of dry 
ammonia in absolute alcohol. By working under different conditions of temj)., 
etc., crystalline products with w*^ 2 , 12 , IB, and 24 were obtained. There is nothing 
here to show whether these substances are chemical individuals or mixed crystals. 

The methods which have been reported for preparation of ammonium disulphide, 
(NJl4)oS2, hy the dissolution of the theoretical amount of siUphur in ammonium 
monosulphkie, were specially studied by W. P. Bloxam ® in his memoir : The 
sulphides and polysulphides of amtnoniurn. He sealed up the calculated quantity 
of sul])Iiur in a tube with a soln. of ammonium monosulphkie. He noticed an 
evolution of gas occurred as the sulphur dissolved, a phenomenon which he thinks 
would nob bo observed if (NH4)oS were really the solute. \V. P. Bloxam also failed 
to obtain the disulphide by passing through a hot tub(^, the vapour of ammonium 
chloride and sulphur, and ho linally concluded that ii]) to the present ammonium 
disulj^hide has not been prepared (kther in the solid state or in soln. J. Fritzsche 
also failed to make tlie. disnlj)liide nearly GO years earlier than W. P. Bloxam. 
U. d(j Forerand calculated that the heat of formation of the unknown solid will 
prove to be (N2,lf8,So)s(,u.i~(NH4)2S2sond-l'6G*2 Cals. 

Ammonium trisulphide, (N 114)2^3, a soln. of this salt was obtained by 
W. Bloxam'^ by adding cold air-free water to crystals of ammonium penta- 
sulphide, (NIl4)oS5, in a wkle-neck(*d Ihisk until the addition of a little water pro- 
duced no further 2)rocipitation of sulphur. The goldmi-yeilow li(iuid so obtained 
contains ammonia and sulphur in the ratio required for ammonium trisulphide. 
J. Fritzsche found a small dofieiency of sulphur when using a similar process. 
W. P. Bloxam attempted to make this coni])Ound by gradually warniing to 70 °~ 80 ^ 
a mixture of the theoreti(*al quantities of a soln. of ammonium monosulphide and 
sulphur in a sealed tube. All the sulphur dissolved, and the orange-red liquid 
deposited ros(dted needles of aTumonium penta.sul])hide, (Nl 14)085.1120. Attempts 
by J. Pritzsche and \V. P. Bloxam to make the solid salt have failed. K. A. .Hofmann 
and F. .HoeliHen agita.t(Ml a 10 j)er cent. soln. of auric chloride with a soln. j)repared 
])y saturating a 25 (M*nt. solti. of ammoniiiin hydrosulplude with suljiluir, at 
ami obtained crystals Avith the composition K4r4AnB2, ammonium aurotri- 
SUlphide, in which tlu^y believe the gold is univalent. 

According to E. Priwoznik, when copper is alloAved to stand in contact with a 
soln. of an ammonium ])olysul])hide, ou2)ric sulphide is formed, and after a long time 
cuprons sulphide, and a eolourle.ss soln. of ammonium nionosulidiide appears ; on 
the otlier hand, Y. Merz and W. Weith found some hydrogen is developed, and 
rhombic crystals of a complex of cuprous sulpliide and ammonium sulphide is 
[produced. K. JfcMimann eonUrjinHl th<^ fact* that hydrogen is developed, and he 
assigned tlie formula, (NH4)2Gu2S7, to the red eoni])lex ; E. Priwoznik, V. Merz 
and W. Wenth, and H. Peltzer found that in contact Avith a soln. of ammonium 
polysiilphido, metallic silver becomes covered Avith a thick crust of silv(*r sulpliide, 
AgoS ; Avith tin, a soluble sulphide is formed; nickel bcdiaves like tin and the soln. 
becomes black ; iron gradually Jjeconios coated wdth a black film of ferrous sulphide : 
copper oxide imparts a red colour to the soln. in conseciuence of the formation of 
the complex (NHi)2Gu2S- ; lead mono-OXide and lead di-oxide form crystals of 
lead sulphide ; ferrous Oxide is not 2>erceptibly cliangod ; and cadniiuin Oxide 
forms the corrcs2)onding sulphide, sloAvly in the cold, and ra])idlA^ Avhen h(*ated ; 
and manganese oxide similarly forms ficsh-eoloured manganese sulphide, 3 InS. 

As previously iudicatod, Avhen W. P. Bloxam attempted <0 make ammonium disulphide, 
ho obtained oryslals which, when rajiidly dritwl belwoon iilter paper <jjave analytiea] numbers 
corre.spondiiiLC u iiJi ratal trlramnajnium. he.i>la.n(dphaf'\ (N U I j.U, l^ut thorn 
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is no other evitlenco that this product is a chemical individual. It dissolves in wat( r 
forming a yellow soln. which can be kept a long time before it deposits sulphur. 

Ammonium tetrasulphide, (NH4)2S4. — Fritzsohe obtained long sulphui^ 
yellow crystals of what he regarded as ammonium tetrasulphide by passing hydrogvi^ 
sulphide and airimonia alternately through a soln. of ammonium pentasulphid . 
P. Sabatier obtained a similar result. W. P. Bloxam attempted to make this sairn 
salt by heating in a sealed tube to about 80'’, a soln. of ammonium monosuIp]iid<‘ 
with the calcidatc^d quantity of sulphur, but the deep red soln. furnished a mass 
of 3"ellow needles of hemiheptahjdratedtetraimnonmmenmasulflM^^^ (NH4)4S9.’1HI20. 
Ilo then proceeded as described by J. Eritzsche, until a mass of crystals had formed : 
he then j^oured off the mother liquid, and dissolved the crystals in a small quantity 
of water at 40"'-50'". The cooling liquid furnished crystals of the hydrated peiita- 
sulphide. The mother liquid was poured off, and the c^}^stals warmed at ; 

they molted in their water of crystallization, and on cooling furnished fine yellow 
crystals of hydrated ammonimii tetrasulphide, (NH4)2S4.iH20. Hence, the 
crystalline mass obtained by J. Fritzsohe 's method can be se2}aratod into ammonium 
tetra- and pcnta-sulphide. d. Fritzsohe states that his salt is easily soluble in 
water without decomposition, and a cone. soln. can be kept without doriomposition 
if well-boiled water has been used as solvent. On the contrary, W. V. Bloxam says 
that ammonium tetrasulphide is at once decom])oscd by water with thtj deposition 
of sulphur, and he explains J. Fritzsche’s result by assuming that his product is 
not the j)ure sulphide, but rather contains the tetrasulphide admixed witli the 
complex groups (NH4)2S.wNJl4HS. The presence of these groups prevtuits the 
precipitation of .sulphur from a cone., soln., and retards its ])r(H‘ipitatioji if such a 
soln. be diluted. 

A dil. soln. of J. Fritzsche’s salt gradually deposits sulpliiir ; and, ai^eordiug to 
P. Sabatier, when the aq. soln. is treated with hydrocJdoric acid, it deposits thn'i*- 
fourths of the contained sulphur, and evolves hydrogen eJiloride. J. Fritzscle^ 
says his salt is soluble in alcohol. K. A. Hofmann and F. lloe.litlen obtained <romplex(^s 
with cuprous and bismuth salts. P. >Sabatier, and R. de Forcrand found the heat 
of formation of the solid (Nylls^Stt^oUd), 09’U(:) (.^als., and of ilu^ a(|. soln., 60*80 C'als. 
P. Sabatier also found that the heat of soln. of a gram-etp of (Nir4)2S4 in 150 parts 
of water at 11*5"' is —8*2 Cals.; the heat of the solid (2NHl3j4arf, 

40*0 Cals. ; and the heat of the reaction with a mixture of iodine and liydrocldoric 
acid at 12", 3*30 Cals, per gram-eq. 

Tetrammonium enneasulphide, (NH4)4S9. — According to W. P. Bloxam, crystals 
of hcmilieptahydrated tetrammonium emieasulphide, (NH4)4S9.3.JH20, are. formed 
in an attcmipt to make ammonium tetrasulphide, as indicated above. Il(^ found 
that tliis -same tetrammonium eniieasulpliide is formed on warming a moderately 
strong soln. of (NID^S with excess of sulphur in an open vessel, until no more of 
the latt(‘r is dissolved, allowing to cool, pouring olf tb(*. deep red soln. from the 
excess of sulphur, and cooling in a fre(*.zing mixture, a yellow crystalline mass is 
deposited ; this, on gently warming, dissolves in its own water of crystallization, 
farming a detq) red liquid. \V. P. Bloxam also addenl tliat tlio sat. nid liquor 
obtained by the action of a soln. of (NH4)2S,2NH4.HS on sulphur cannot be induced 
to take up more sulphur tlian enough to form tetrammonium cnneasulphide 
(N 114)089, nor can a soln. of ammonium monosulphide be made to take up more 
sulphur than is required for the formation of this same compound. It would 
therefore appear that all the simple or diammonium polysulphides obtained arc 
secondary products, formed by the decomposition of tetrammonium cnneasulphide 
under varying conditions of temp., cone., etc. Thus, when the original sat. r(‘d 
soln. of the ennea.sulphido are of suitable strengths, the following simple or diamino- 
nium penta-, hepta-, and enriea-sulphides can be obtained ; but in all cases the 
mothi^r li<|nors left after separation of tlic crystals have a lower sulphur value than 
is roquirtid by (N1 [4)489. 

Ammonium pentasulphide, (Nll4)2S5.“d. FritzscJie prepared this salt by 
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saturating aqua ammonia with hydrogen sulphide, and adding finely powdered 
sulphur while ammonia gas is being passed into the liquid. The excess of ammonia 
is then sat. by a current of hydrogen sulphide, the soln. again treated with sulphur, 
ammonia, and the hydrogen sulphide yet again. After the final saturation, the 
soln,, if kept cold, solidifies to a mass of crystals. The crystalline jnass is melted 
by heating it to 40"" or 50°, and allowed to cool slowly while excluded from contact 
with air. Long orange-yellow rhombic crystals are formed. VV. P. Bloxam 
prepared similar crystals by diluting 200 c.c. of a 40 ])er cent. soln. of ammonium 
monosulphide with 75 c.c. of water, and adding finely powdered sulphur in excess 
of that required for the formation of the peiitasulphide. The mixture was gradually 
warmed up to 80°. Hydrogen sulphide was evolved, and sulphur dissolved so as 
to form a deep red liquid. When the action had cc^ased, the clear decanted liquid 
deposited a fine croj) of crystals of the desired compound on standing over-night. 
When a more cone, soln. was employed, and the mixture heated in a sealed tube 
to 100°, the crystals were mixed with freci sulphur. W. P. Bloxam also made 
ammonium pentasulphide by diluting aqua ammonia, sp. gr. 0*880, Avith its own 
volume of water, mixing it with an excess of finely powdered sulphur, and treating 
it with hydrogen sulphidci until the temp, of the soln. falls, and no more of the gas 
is absorbiul. The sulphur dissolves rapidl}'', and the deep red filtered liquid, on 
standing 24 hrs., deposits a small crop of crystals of the pentasulphide — the mother 
li(^uid retains (NIl4)4S9. Indeed, in all cases, W. P. Bloxam supposes that the soln. 
contaiiifi tetrammoniuin pentasulpliide. W. P. Bloxam also heated a soln. of 
ammonium monosulj)lude with the amount of finely divided sulphur required for 
the formation of the pentasulphide in a sealed tube at 80°, when a mass of small 
needle-shap(id crystals was suddenly formed ; when the mixture was heated to 
100° a little sulphur dissolved, but even at 120°, very little more sulphur dissolved 
in three more hours. The largo residue cf sulphur which remained shows that the 
))owcr of dissolving su]j>hur 230ssessed by soln. of ammonium sulphide is greatly 
below th(^ limits required for the fxmtasulphide. H. G. Byers added 95 per cent, 
alcohol to a cone. soln. of ammonium sulphide, sat. with sulphur — ^volume for 
volume — and after the mixture had stood for a few hours, obtained crystals of the 
])entasulphide. W, P. Bloxam prepared monohydrated ammonium pentasulphide, 
(NH^doSs.lIoO, by heating te.trahydrated tetrammonium heptasulphide to 70°-“8()‘^, 
when it forms an orange-red .soln, which when cooled furnishes crystalline massi'S 
of fine Tieedle-like crystals of the desired salt. 

Anhydrous ammonium pentasulphide furnishes orange-yellow rhombic crystals, 
which J. Fritzsche says decompose when heated, forming volatile ammonium mono- 
sulphide, ajid residual heptasulphide : 3(Nll4)2S5"2(NH4)287+(NH4)2S — a similar 
result is obtained by keeping the crystals in a large vessel full of air, and if the 
crystals are moist, they become a ruby colour. The crystals are gradually oxidized 
to a mixture of sulphur and ammonium thiosulphate when exposed to the open air, 
ammonium monosulphide is at the .same time evolved ; this decomposition proceeds 
much more slowly in air dried by sulidiiiric acid. J. Fritzsche found the cry^stals 
are decomposed by water witli the separation of sulphur, and, according to 
W. P. Bloxam, the aq. soln, then contains ammonium trisulphide. J. Fritzsche 
adds that the ])entasulphidG dissolves completely in alcohol, but the soln., even 
when kept in closed vessels, depo.sits crystals of sulphur. K. A. Hofmann and 
F. llochtleu prepared complexes with jdatinum, iridium, and palladium. According 
to P. Sabatier and K. de Forcrand, the heat of formation is (Na2,H8,S5)so]i(i~~6fi‘46 
Cals. ; and the former found (2Nir3*5as32Sgaf^^S»oiid)^"^(NH8)5S2soiia+4()’4 Cals. ; 
the heat of soln. of 3*12 to 10*65 grms. of the salt in 500 c.c. of water at 13° to be 
— 8*4 Cals, per gram-eq. ; and the heat developed by its decomposition with iodine 
and hydrochloric acid, 24‘2 Cals. 

Ammonium* 'heptasulphide, (NH4)2S7.— J. Fritzsche reported tliat crystals 
of this salt are formed by the spontaneous vaporization of crystals of the penta- 
Bulphide ; melting crystals of the pentasulphide in their own mother liquid, and 
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exposinj; the soln. under the receiver of an air pump, ammonium monosuljdiid- 
is evolved, 3 (NH 4 ) 2 S 5 -t(N.H 4 ) 2 S-f 2 (NH 4 ) 2 Sj, and ruby-red crystals of the 
sulphide are formed, and linally cirystaLs of the undecouiposcd pentasulphidii ah- 
deposited. J. Fritzsche also said that the hopta.suIphide is formed while th. 
mother litiuid is bcinj' drauied from the peidasulphido in the absence of air. Ili 
adds : 

Aftor sonio days, luaiiv ot tlif' crystals ot* the pcutasuJjihidc carried new, siuall, ruby- 
coloured ciystals, aud otliers hurt' <‘Hvitics sideways wliich wtTo filled up with the now 
substanct' ; that* however, only atJlicrod looseW to tlui eiysUil out ot' which it had bt't n 
formed. "The dccoinpt^sition boconies coinpleto on standing for a loiigtu’ lime, especially 
when the vessel is lar”:f‘ and lillctl with flry air. I'he now' c.ornponrid a})])ears then in the 
form of a crystalline ornsl, resembling in shape the original cryslal, hut larger and hollow 
in the centre. 

Under these conditioits W. 1\ Bloxain obtaini'd crystals of sulphur and of ilie 
pentasuli)liide, but no ruby-red crystals of the hepiasulpLide, and he ol)taiiied tljc 
enneasulpliide by working according to J. KritzsclH^s ilirections. Sabatier 
claims to have made the heptasulphide by digesting sulpluir with the warin oi 
cold mother licpiid remaining after the separation of cr\'stals of the pentasul[)hi<le, 
P. Sabatier's anal 3 'SLs corresponds with anunovium ocLoi^idphidc, 

VV'. P. Bloxam made crystals of the hj^drated salt, (iSMl 4 )oS;.;^If 20 , by iJie simul- 
taneous action of sulphur and hydrogen sulphide on aipia ajiinionia rather more 
cone, than that list'd in the preparation of the pentasulphido. 

200 c.o. of arjua ammonia (of sj). gr. 0*880) were diluted uilli fU) c.e. of watei’, (‘xeess 
of sulphur added, and liydrogen sulj)]h<lo passed to .saturation, the lliisk and conK'iils heme 
kept in constant agitation to promote soln. When tlio hv tlrogen sul]>hide passed througli 
the soln, wilhont h(‘ing absorhcsl. and the teiji]>. of tJu' s(»lji. Ix'gan lo fall, tin' laltfu* was 
carefully point'd off from tho umlissolved sulphur into anollu'r flask. Small ghstc'ning, red 
crystals at ones* began to form, and contiiiu<‘d to inereuso even wJk'ji Du' flask wa.s placed 
ill warm water. 

According to \V. P. .Bloxara, the dried t ry«ta].'< of tbe bydraic arc j)olycbroic, 
and exhibit a peculiar violet lu.stre. J. Frilzsolio reported tliat flic cry, stabs of the 
anh_vdrou.s salt can be pre, served in bottles (completely tilled with them, and ))r(j- 
tect(.id from heat and light ; they change wlien exposed to air, but not so quickly 
a.s the pentasulphide. I’he crj^stals of the hydrated salt r(dain their tetralu’dral 
form in air, hut become slowly coated with sulphur. \\ ben the anhvdrous salt is 
heated, tin; (crystals become bright red, and at a temp. Jiot much higher than the 
m.p. of sulphur they decompose, giving olT a lower .sul[)hide - or may he the hydro- 
sulphide- which is <h'j)osite.d on the side.s of the ve.ssel in yellow drops, and leaving 
a rc'sidue of sulphur. The heptasulphide is decomposed by Avater more slowly 
than the pentasulphide, forming a pale, yellow soln. witJi l.he df'po.sitlon of sulphur. 
, 1 . Fritz.suhc also adds tliat hydrochloric; acid att.'ieks tint anhydrous salt more slowly 
than the, pentasulphide ; and, according to VV. 1 *. Bloxain, the liydrated .salt is 
attacked faster than in the euneaMilphide. According to 1 *. Sabatier and 
ll. de Forcrand, tho heat of formation of the anhydrous solid is (N',>,Jl 8 ,S 8 )...oiid, 
Cy-Gti Cals. ; T. Sabatier also gives for ( 2 Nll 3 g,,„]|J^„,,S„,„ii.,), 4() (! Cals. ; for tho 
heat of soln. for an eep in an excess of watisr at ID is ~8 (j Cals. ; and 24 () Cals, 
for th(5 heat developed during the decomposition of the salt with iodine and hydro- 
chloric acid. In consecjuence of the agreement in the thermoehomical data for tho 
penta- and hepta- (F. Sabatier says octo-) suljihide, ]*. Sabatier thinks it possible 
that in both compounds all but four of tlie sulphur atoms per molecule are not 
eliemicaUy but rnolecularly iiniti'd in the compound. 

Ammbniumenneasulphide,(NH 4 ) 2 S 9 .- 3 his compound represents the highest 
ammonium .sulphide which has 3 -et been pnqiared. VV. P. Bloxam obtained this 
salt by diluting oOO c.c. of aqua ammonia with 150 c.c. of water, and treating the 
soln. simultaneously with hydrogen sulphide and an excess of sulphur, The 
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deep red soln. ot tetraiiimonium enneasulphide, (NH4)4S9, so obtained deposits 
crystals of the pentasulphide, (NH4)2S5, on standing. When the red mother 
liquid in a large flask, fitted with a loosely fitting cork, was allowed to stand 
some months, a large crop of aggregates of small, hard, shining, deep red crystals 
was deposited. These conditions are similar to those employed by J. Fritzsche for 
the preparation of the heptasulphide, but the analyses correspond closely with the 
requirements for hemihydrated ammonium enneasulphide, (N.H4)2S9. JH2^^ J 
the mother liquor from these crystals, likewise j>rc 8 crved in a loosely corked flask, 
furnished crystals of the J-hydrated ammonium enneasulphide, (Nir4)2S9.;^H20. 
If the crystals be rapidly freed from the mother liquor, only a thin film of sulphur 
is formed on them ; if treated with water, they arc decomposed, and dissolve to a 
limited extent, yielding a pale yellow soln. of a lower sulphide, whilst a sulphur- 
coated crystal is left preserving the form of the original. The behaviour of this 
salt with acids is characteristic ; the exterior of the crystal becomes coated with a 
hard mass of sulphur, which protects it against the action of dil. hydrochloric acid, 
even wln^n boiled with it. The crystals of diammoniiun enneasulphide, if pressed 
with a glass rod against a hard surface, fly to pieces, the posvder having the colour 
of finely divided potassium dichromate. 
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§ 25. The Alkali Sulphates 

The alchemists of the Middle Ages remarked on the formation of the potassimn 
snlji hate— normal or acid— as a residual product during the preparation of nitric 
acid by the action of sulphuric acid on saltpetre. In his Opera m'tieraliti, for 
example, Isaac Holland, about the fifteenth century,^ mentioned the format iui, 
of this salt during the preparation of nitrio acid. Robert Boyle and J. R. Olaubei - 
also obtaijied potassium sulphate- farfarMs mtn’ohtus — bj- the notion of sulphuric 
acid — oil of vilriol—on potassium carbonatti— .w/ tartan, or tartar. In 
C. Gla-scr also described the preparation of potassium sulphate, afterwards caiUai 
sal pohjehrestum Olaseri, by the action of sulphur on fixed nitre— if insuffieietit 
.sulphur be used, a mixtxire of sulphate and nitrate is formed which when east into 
little balls was called pnmdla salt. J. R. Glauber also in his Traetatus de natura 
salium, noted the formation of decahydrated sodium sulphate, Na2S04.10H20, 
and he ascribed to sel rnirahile, as he called it, exaggerated virtues as a medicine. 
The sel rnirahile Glauberi is now often called Glauber's salt. Some of the earlv 
names for were ; lartarus vilriolatns, or vitriolized tartar ; arcunmii 

duplicatmn : sal poh/rhrestum Olaseri ; saldednohus ; specif cum pimjans Paraeelsi ; 
panacma holsalica ; panaccea duplicata ; nitrum vitriolatum ; sjmitus vifrioli 
coagulabilis. The sulphates of the other alkali .salts were naturally pre})arod soon 
after the discovery of the respective bases. 

The occurrence of sodium sulphate.- -The nrijieral themrditc is anhydrous 
sodium sulphate ; it is found in Tarapaca, Atacama, Balc.liasch Sea (Central Asia), 
Rio Verde (Arizona), etc. Glauherite, is a double .sulphafi* of sodium and calciuin, 
Na2S04.0aS04, found in the borax lakc.s (San Bernardino), Mayo salt mines (Pend- 
sohab), VVcsteregeln (Stassfurt), Priola (Sicily), etc., Asirakanite , or sinmpile, or 
blaidite, a hydrated double sulphate of so<lium and magnesium. Na.>Mg(SO4)...'11R0 ; 
there are also vantJtoJfil.e, MgS()4.3Na2S04 ; and Idnitr, MgK04.Na2S04“2pf20, 
found in the Stassfurt salt deposits. 

A kind of sufia alum, Na2S04.Al 20.^2411 gO, nimdozitCy has boon reported Ifroin San 
Jiian (Argentine), Shimane (Japan), etc. ; tamariigiU;,, reported from Cerros J^intadiis 
(Chili), is like soda alum, but with only half the amount of w-atcr present in the normal 
soli. In utruvenite from Copiapo, half the soda is replaced by magnesia. Tychitc ^ has the 
composition Na^Mg 2(003)4804, or 2MgCO3.2NH20O3,Na2SO4. ^J’he cry.stals of hanksiU- 
from the borax lake of San Bernardino (Cal.) eontain 9NuaS04.2Na2r()3.K(l or 
N'a22K(804)»(C03)aCl ; and aidphohalito ^ from the same locality, .Wa2804.2NaCl, or 
Na.i(S04)3ClF. Monoclinic cry.stals of darapftkiU-, Na2S04.NaN63.1l20,“ are found in 
tho nitre beds of Parapa del Toro (Chileg Unisitv, found near the Caspian Sea, and 
didvronatrite, found near Haantajaya (Chili), appear to be the same mineral, approxi- 
mating to 2Na2O.F02O3.4SO3.7H2O ; ferrmiatrite, also from Chile, approximates 
3 Na 2SO4.FC 2(804)3. 6H 2O. 

Sodium sulphate oeeiirs in small (juantities in soln. in sea-water, and in some 
lakes, mineral springs, etc. Calcium and magnesium snlpliates or double sulphates 
of magnesium with calcium or sodium are first deposited during the evaporation of 
sea-water, then follow anhydrite, polyhalite, and. kiescrite ; the waters of saline 
lakes containing a high proportion of sodium sulphate and little calciuin or iiiag- 
ncsiuiu, may deposit sodium sulphate in considerable quantities determined by the 
temp, as atlectcd by the season of the year. Tlie Siberian lakes— Altai, Brisk, 
Domoshakova, Shunett, and Kiesil-Kiil— deposit sodium sulphate. It has been 
estimated ‘^hat in addition to the (Haiiber’s salt in soln., the Great Marmyshansk 
Lake contains 2,G(.Kj,0(X) tons of crystallized decahydrated, and 397,210 tons of the 
dried sulphate; tho Little Marmyshansk Lake, 451,400 of tho crystallized 
decahydrate; Lake Tuskal, 1,805,600 tons; and Lake Varche, 1,805,500 tons. 
G. K. Gilbert ® says in the Great Salt Lake, and in the Karaboghaz, mirdbilitey or 
de<*.ahydrated sodium sulphate, Na2S04.10H20, is deposited in winter ; and 
L. Mrazec and \V, TLierseyre say it i.s formed on the surface of Lake Sarat (Bouniania) 
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in winter, and dissolved in summer. Similar remarks apply to Lake Sevier (Utah), 
Sodium sulphate is found as an efflorescence on the edges of some streams on the 
Cordillieras, and deposits of this salt are found on the Wyoming Plateau (Laramie). 
H. Pemberton and G. P. Tucker ’ report a sample of the “ solid soda of this 
district with Na2S04, 36 ; CaS04, 1-45 ; OaClg, 0*77 ; NaCl, 0*21 ; HgO, 46-87 ; 
and insoluble matter, 13*86 per cent. A. Smith has shown that sulphates are 
present in the air of town?} where the sulphuric acid converts the sodium chloride 
into sodium sulphate ; the former salt — sodium chloride — Ls found in the atm. 
over and near the sea owing to the evaporation of fine spray. The fact that super- 
saturated soln. of sodium sulphate crystallize if exposed to the air, while super- 
saturated soln. of other salts remain liquid under the same conditions, is taken by 
F. Parmentier to prove the presence of minute (Tystals of sodium sulphate in the 
atm. K. Zaloziecky ® reported crystals of sodium sulphate in a cleft in the kainite 
beds of Kalusz of Galicia ; C. h\ RammeLsberg, and O. Popp, in the natron of 
Egypt ; H. Haw, in buronatrocalcitc ; V. TOlivier, in Peruvian nitrates ; R. Kcmipcr 
and K. Kraut in Peruvian guano ; and H. van Erp, in the efflonvscencc found on 
walls. 

The occurrence of potassium sulphate,— Potassium sulphate has been reported 
in volcanic lava — e.g. the glascrite or aphthitalite^ K3Na(S04)2, found as an incritsta- 
tion on Vesuvian lava, and in tlie salt deposits of Doiiglashall (Westcregeln), at 
Rucalmuta (Sicily), etc. B. Gossner ^ regards glaseritc as a definite mineral species, 
but J. 11. van't JIolT and II. Barschall consider it to be a mixture of the two 
component sulphates : The waters in volcanic districts also 

(contain a litth}-““Say, 0*15 ])er (^ent.- of potassium sulphate. The double or triple 
sulphates of potassium and (‘al(*ium or magnesium in the. Stassfurt deposits arc 
of groat importance. There are : k(nmU\ K2SO4.MgSO4.MgCl2.6H2O ; picro- 
nitrite or sc/tonilc, K.2S0.4,MgS04.6U20 ; polyhalite, K2SO4.MgSO4.2CaSO4.2H2O; 
knigite, K2S04,MgS04.4CaS04,2H.20 ; fangheiniie, 2MgS04.K2S04 ; leoniie^ 
MgS04,K2S64.4Il2O. The mineral sipufenite, K2SO4.CaSO4.Jl2O, is found in cavities 
in the rock-salt at Kalusz (Galicia) ; cyanochroiie or cyaywehro^ae, K2SO4.CuSO4.6H2O, 
and chlorochrdUe, K2S()4.CuCl2, are secondary products of the action of volcanic 
gases on volcanic lavas, Tfien*. is also the so-called kalinite, a kind of potash alum 
found as an efflorescence on some volcanic lava, and in the rock-salt at 
Saarbruckon, etc. Alunite, from Italy, Hunga^^^ Colorado, etc., approximates 
K2S04.Alo(S04);,.IAl(0H);v, 

The preparation of sodium sulphate. ('Om})aratively little sodium sulphate is 
used in the hydrated form as crystallized sodium sulphate, Na2S04.10H20, or 
Glauber's salt, and that little is used mainly for pharmaceutical jmrposcs, and in 
vetermary ])ractice. The great bulk manufactured is calcined to form anhydrous 
sodium sulphate or salt-cake, A little salt-cake is used iu glass-making, but much 
the larger proportion is manufactured directly into alkali carbonate. Crystallized 
sodium sulphate can be obtained by the evaporation of many spring waters, and 
the mother liquor from the evaporation of sea-water may also deposit crystals of 
Glauber’s salt at low temp. At ordinary temp., a mixture of magnesium siilphatn 
and sodium chloride is formed- -scls tnixtes but, as C. W. Schecle observed in 
1779, if the temp, be reduced, hydrated sodium suljDliate alone (uystallizes from 
the soln. ;. and, as H. Rose observed, if the evaporation be eondiicted above 
the soln. again deposits sodium sulphak’i, but in tlic anhydrous form. These results 
can be readily interpreted in the light of the solubility curve, Fig. 46, and the law 
of mass action. In a similar manner, according to J. B. Richter, a soln. of sodimn 
sulphate and potassium chloride at ordinary temp, deposits potassium sulphate, 
and at — 20^^, sodium sulphate. Constantini also showed that a mixture of alum 
and sodium chloride gives crystals of sodium sulphate, at freezing temp, ; and 
C. P. S. Ilahnemann observed the saine result witJi a sat. soln. of calcium sulphate 
and sodium chloride. Sodium sulphate alst) separates when a mix(Ml soln. of sodium 
chloride and ferrous sulphate or of sodium nitrate and ammonium sulphate is 

von. TT. 2 u 
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cooled. A. J. Balard also showed that Glauber’s salt may be obtained by douli],. 
decompo.sition from a mixed soln. of magnesium sulphate and sodium chloride in 
the cold, the reaction seems to proceed : MgS 04 aii+ 2 NaCla,j=MgCl 2 aq-l-Na 2 S 04 ,„|. 
Accordingly, the sel mixles deposited from the mother liquid from sea- water, and 
other brines, yield crystals of Glauber's salt when a solu. is cooled below 0°. Tin- 
cooling may be done artificially as in the works at the mouth of the Rhone, or 
naturally as at Stassfurt during the winter months. 

Tho roftklue rernaiiiiiig aftor tho Icachiiig of eruflo carnullilo is dissolved in watcr- 
gonerally the heaps of residue are lixiviated by hot water and tho aoln. is caught in a trench 
at tho bottoin of tho lieap. Tho composition of tho liquor is adjusted until the mol. pro- 
portion of NaCl : MgSO^, is approximately 2:1. The soln. is evaporated until its sji. gi. 
is I *201) at Tho liquor is clurilied by settling, and run into largo shallow woodc o 

tanks 100x 100 ft. sq. and 8 in deep, supported above the ground, 'j'hese tanks arc 
exposed in the open to tho cold of a winter’s night, and tho mother liquor run olT in the 
morning before it is warm again. A cubic metre of sohi. may yic'ld 150- 180 kilograms of 
crystals. In summer the tanks arc kept filled with a soln. of brine. 

Sodium sulphate' is formed as an intermediato stage', in the conversion of sodium 
chloride into carbonate by Leblanc's process when it is obtained by heating u 
mixture of salt and sulphuric acid, ^itre cala\ a mixture of normal and acid sodium 
sulphate with some free acid, is a by-product in the manufacture of nitric acid ])v 
the action of sulphuric acid on nitre ; any a(utl suljihate present, NaHS 04 , is con- 
verted to normal sulphate by roasting with sodium chloride. Sodium sulphate 
is a by-product in many other chemical operations— ejj. in working up kelp liquors 
as a preliminary to the troatiuent for iodine ; in roasting pyrites-cinders with 
salt in the extraction of copper (where the resulting sodium sulpliate has not ])eeu 
successfully utilized) ; in the manufacture, of ammonium (‘Idoride by subliming 
a mixture of ammonium sulphate with common salt ; in making mercuric (diloridfi 
by subliming a mixture of mercuric sul 2 )hate and common salt ; in tJie amalgamat ion 
j)rocess for extracting silver ; In the manufacture of aluminium chloride from 
common salt and alum ; in jmrifying oils liy means of sulpJiuric acid and caustic, 
lyc ; in the neutralization of resorcine, alizarine, where alkali fusions have to be 
neutralized with acid; in the Stassfurt salt industry; etc. Although sul])hiir 
dioxide alone docs not itself decojnpose sodium chloride, yet, if iuix(*d with air 
and steam, sul23hur dioxide will coiniilotcly convert sodium cliloridc into the sulphalr. 
Th(^ favourable temj). lies between and 45()^, as in J. Hargreaves and T. Kobin- 
son’s process for making salt-cak<^ : 4NaCI ! 2S()2-h02-| 2.H^()“ 2 NaoS 04 -[ 4J1C1 
< — ^ferric or cupric oxide acts as catalytic agent. The hydrogen chloride, is condensed 
from the escajiing gases in the usual manner. 1 1 will bo observed that in ] targreaves' 
process the manufacture of sulphuric acid is a ])reliminary to the conversion of 
sodium cliloride inl.o sulphate. The process has lieon worked successfully in many 
factories ; the disadvantage is the length of time required for the convt'rsiou. 
The jjroduct is a little more pure than that obtained by the suljihuric acid process. 
E. Thomas, ^T. Dellissc', and M. Bou(‘ar<l also proposed to make sodium sulphate' 
by roasting a mixture of jiyrites and sodium chloride in a stream of air, and leaching 
the soluble salt from the product. This idea is quite old; it was suggested by 
J. J. Berzelius in 1830. and it is the basis of W. Longmaid’s patents in 1842-4. 
The Griesheim Che.mische Fabrik patent'd the calcination of the sulphide residue 
from the black ash process with the acid sulphate residue from the nitric acid 
process ; (,^aS^-2Na^lS()4“J^2S-f-Na2S()4. The latter is readily obtained by 
crystallization of the aep extract of the produc.t. Numerous other proposals hav<i 
been made for the mauufacturi^ of sodium sulphate cheaply on a largo scale. Many 
of tliese arc described in R. Wagnea-’s Reqesten der 6V;rfq/?i&r?XY/imnl;Leipzig, 1866), 
or in G. Lunge's The Manyfachne of Sul phnrie Acid ami Alkali (London, 1913). 
R. de Luca,!^ for example, suggested heating an intimate mixture of the magnesium 
sulphate found in several parts of Spain with sodium chloride or nitrate in a (Uirrent 
of st<iam at wln^rehy hydrogen chloride, magnesium oxide, and sodium sulphate 
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are formed. The latter can be isolated by extraction with water. The historj^ of 
the process really dates back to Earl of Dundonald’s patent in 1795. The reaction 
with "v'^psiun and salt, though several times patented, does not occur unless it be 
conducted in the presence of siliceous matej*ials, since J. B. Tronimsdorff has shown 
that no decomposition occurs if gypsum and common salt be melted together, 
although J. Nickles states that if pyrosulphate be present the reaction does take place. 

H. Bauer melted an intimate mixture of cryolite and gypsum and extracted 
sodium sulphate by leaching the mass with water : 2 AlF 3 . 3 NaF+ 30 aS 04 — 3 Na 2 S (>4 
+ 3 CaF 2 + 2 AlF 3 . The formation of sodium sulphate by heating sodium chloride 
with aluminium sulphate or alum, with the direct object of preparing alumina : 
Al 2 (SO 4 ) 3 +GN’aCl+ 3 I[ 2 O= 3 NaoSO 4 -l-Al 203 + 0 HCl, or aluminium chloride : 
Al 2 (S() 4 ) 3 'f'GN'aC 1 ^ 3 Na 2 SO 4 + 2 Al 0 l 3 , is old. The process is mentioned in the Earl 
of Dundonald’s patent, 1795, and the reaction has been examined by many early 
workers. C. P. S. Hahnemann, in 1789, mentioned the formation of sodium sulphate 
by roasting ferrous sulphate and other iron salts witl\ sodium chloride, and the 
reaction has been examined by many others. VV. Oarroway patented the heating 
of a mixture of ferric or aluminium sulphate with sodium nitrate ; the gases evolved 
were to ho used in the manufacture of sulphuric acid by the chamber process, 
sodium sulphate was to be removed by leaching the product, and the insoluble 
residue was to bo used for making paint. The use of mixtures of sodium chloride 
with copper sulpliate (J. Wilson,^’ 1838 ; W. Hunt, 1840), zinc sulphate (\V. Hunt, 
1840 ; S. Boulton, 1852), manganese sulphate (J. Barrow, 1856), and lead sulphate 
(F. Alargucritto, 1855) have also been patented as processes for converting sodium 
chloride into sulphate. A very small proportion of the nimiber of patents which 
have been issued liave had any influence on industrial developments. Many 
])ateuts are born, most are still-born, and but few live. 

The preparation of potassium sulphate.— In the older method of preparing 
nltri(», acid by trcjating ])otassium nitrate with sulphuric acid, potassium sulphate 
was ohtained as a by-product. An impure form of this salt containing 75 to 85 
per cent, of 1 x 2804 and 9 to 21 per cent. Na 2 S 04 , etc., and known as plate-sul])hat€,^^ 
is separated during the cone, of kelp-liquors. Crude potashes prepared from plant 
ashes also contain some potassium sulphate which can be readily separated by 
crystallization froju the carbonate on account of its comparatively low solubility. 
Some also i.s obtained as a by-product in working up beet-root vinassc. In the 
manufacture of potassium carbonate from the chloride, by Leblanc’s process, 
potassium sulphate is formed in the first stage of the operation by the action of 
sulphuric acad on the chloride. Several of the obsolete methods used for converting 
sodium chloride into sulphate, have also ))oon patented for the analogous conversion 
of potassium chloride. By far the largest quantity of the potassium sulphate in 
commerce is either obtained from kainite of the Stassfurt deposits, or else obtained 
by the action of sulpliurio acid on potassium chloride likewise derived from the 
same deposits. Quite a numbi^r of processes have been patented for extracting 
potassium sulphate either from kainite, K 2 SO 4 .MgSO 4 . 5 igCl 2 .GH 2 O, or from mixtures 
of kieserito, MgS 04 . 1 fo 0 , with potassium chloride, or carnallitc, KCI. 5 TgCl 2 -GH 20 , 
so as to form a kind of artificial schonite, K 2 SO 4 . 5 igSO 4 . 6 H 2 O, of a similar com- 
position to natural schonite : 

If a hot soln. of two inols. of kiespi ite and ono mol. of potassium chloride bo cooled, the 
resiiltin^j^ schonito and canuillite can bo separated by crystallization for a crop of crystals 
of schCnito separate out immediately: 2Mg804ari4-2KCl;iq = K2S04.MgS04,,q-|'MgC3jjHij ; 
or 2]VIgS04aq + 3 KCl.ui — K2S(>4.Mg804aa l'^^t)l.MgCl2nq. 'bhia process^'* is not prolitablo ; 
and it is niorc 3 usual to prepare a cold sat. soln, of kainite, and use this for extract fresh 
kaiuito at about SO^, the clarilied soln. deposits crystals of sohiinite on coolin^j ; ami tbo 
mother liquid, rich in magnt'sium, sodium, a.n<l potassium chlorides, is utilized in the 
exi ruction of potassium chloride from carnnlliie. In Precht’s process, llie kainite is treated 
with water of previous liquors at 120*^-146® with a steam press, of from 2-7 atm. liy a 
mechanicnl arralijromeiit of stirrers, the double salt. K2S04.2MgS04.n3(), which is formed 
can he st'pumlcd fn^m the residual rock-salt and from the .soln. The double salt so foruu.'d 
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is converted into schOnito by agitation with a small quantity of water, K. Kubiorschi.v 
found that when solid potassium oliloride is added to a soln. of kieserite of the right com , 
at 25°, a precipitate of potassium sulphate, not schOnite, is obtained. 

Artificial schonite — ako called Kalimagnesia — readily separates into potay^ium 
sulphate, etc. 

ir. Precht separates potassium sulphate from schOnito by running a hot sat. aoln. r>i 
schOnito upon dry potassium cliloride : KaS04.MgS04 4"3KCl=«2K*S04-4-KCl.MgClo. 
Part of the schOiiito remains mioon verted, so that in practice twice the theoretical aiuount 
of chloride is required. The less soluble potassium sulphate crystallizes from the soln. mu[ 
it is separated by a centrifugal machine. If the temp, falls below 40°, pota^siiun ehloii<l(^ 
separates out, and this is followed by acliOnite, and then by camallite. The reaction is 
also effected by digesting crystallized schOnite with a cold sat. aoln. of potassium chloride. 
4V number of other processes have been proposed for breaking down the aohCnite* -c.f/. 
by the action of superheated sfcearn on a mixture of schCniio with finoly crushed coal, bv 
ho.ating schonite itself ^vith coal: 2K2Mg(S04)24’C — 2K2S044-2MgO + 2 SOa“l-COa ; by 
ignition with ferric oxide ; by heating a mixture of schCnite with silica or a silicate in 
steam ; et(!. 

li) the leaching processes, large volumes of liquid have to be handled, and the 
mother liciuors contain large amounts of salts in soln. ; much potassium chloride is 
rendered less useful siuce these liquors are boiled down and utilized in other ways 
principally as fertilizers. The mother liquors also yield rubidium alum. The cost of 
the operation, small as it is, docs not enable potassium sulphate to be j^repared of a 
sufficient degree of purity to enable it to displace the potassium chloride and siilphiirit; 
acid process which can be made to yield almost the theoretical amount of sulphate. 
(Consequently, most of the sclionitc — natural or artificiab--is sold as a fertilizi'r. 

The alkali sulphates can also bo made liy neutralizing, say, a soln. of 5 grjus, 
of sulphuric acid in 30 <5.c. of water with the alkali hydroxide or carbonate, and 
evaporating the soln. until crystals begin to form. The process is not econoniieol 
except on a small scale. It is used mainly for litluum, rubidium, and ojcsium 
sulphates. H. Erdmann treated a hot soln. of crude rubidium iron alum witli 
milk of lime made from pxirified lime, and filtered the liquid from the excess of 
lime, calcium sulphate, and ferric liydroxide, by suction. The small amount of lime 
in soln. is precipitated by adding rubidium carbonate. The filtrate is neutralized 
witli sul]diuric acid, and evaporated to the point of crystallization. 

According to P. Ifeinrich, if cono. sulplmric acid be drojipcd on to soliil 
potassium hydroxide in darkness, a flash of light appears when the acid touches 
the alkali ; and, according to L. Troost, luetulUc lithium inflames in contact with 
cone, sulphuric acid, whiles according to R. Bunsen and A. Matthiessen,*'^^ the 
metal is but slowly attacked by the cold acid. 

The properties of the alkali sulphates. --Litlii urn sulphate can be prepared as 
tlie anhydrous and hydrated as monoliydratcd lithium sulphate, Li2S04.H20 ; and 
sodium sulphate as the anhydrous salt, as heptahydrated sodium sulphate, 
NaSO^.TIIoO ; and decahydrated sodium sulphate, Na2yO4,10H2O. Mono- and 
trihydrated sodium salts have been reported — the former by J, Thomsen, the. 
latter by II. Rose — butL, C. dc Coppet has questioned the tw'^o last-named hydrates* 

The crystals of anliydrous lithium sulphate which sejiarate from the molten 
mass arc pseudo-octahedra belonging to the monoclinic system Avith axial ratios : 
a : b : c — 10038 : 1 ; 1*380 ; ^.— 92 "^ 8'. According to U. Wyrouboff,^^ above 500 ^, 
the crystals <.)f lithium sulphate belong to the cubic, system, and at about 
they pass into a v(iry labih^, feebly <loubly-refracting variety ; they decompose 
on further cooling into the pseudo-octahedral variety belonging to the monoclinic 
system. When the monoclinic c.rj'^staLs arc heated, they pass fairly quickly at about 
500 ® into the cubic modification. K. Hiittner and G. Tammann could find only 
one enantiotroph* transformation point' at 575® on the c>ooling curve of lithium 
sulphate*.. Lithium sulphate is not isomorphous with the sulphates of the other 
alkali metals. The monoliydrated salt. 1^3804.1120, forms monoclinic plates 
with axial ratios : a:b : c-*- r60()6 : 1 : Ur>b33" j8=93® 5'. 
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Anhydrous sodium sulphate, Na2S04, thena/rditey forms rhombic bipyraniiJal 
crystals with axial ratios : a\hi c—0‘4731 : 1 : 0*7996. When heated to 20(.^ 
O. Miigge states that the c^}^stals pass into an isotropic variety and then into a 
form with negative double refraction. According to G. Wyrouboff, anhydrous 
sodium sulphate is tetramorpjious : (i) 'J^he a- form or thenardite is stable below 33° ; 
(ii) the j3-form which is monoclinic and is produced when thenardite is heated to 
about 180°, or when the y-variety is cx})Osed to the air for a few jninutes ; (iii) the 
y-form is produced when tlie molten sulphate is cooled ; it forms rhombic crystals ; 
and (iv) the S-form is hexagonal, and can exist only above r)(K3°. The a-variety 
combines immediately with water at 25“, while the ]8-form docs not hydrate, and 
only when the has passed into the a-form docs hydration occur. A. Hantzsch 
objected to G. WyroubofE’s statement that alcohol precipitates the decahydrated 
salt from fresh soln. of the a-salt, while the anhydrous salt is precipitated from fresh 
soln. of the j3-salt. The existence of these different varieties of anhydrous sodium 
sulphate has been suggested as an cxj^lanation of certain curious and apparently 
anomalous facts. • For example, L, 0. dc Coppet found that it is heated strongly 
when in contact with water at a temp, above which it is known to form no hydrate ; 
and S. U* Pickering and M. Berthelot obtained very variable results for the 
heat of soln. Thus, the salt prepared below ISO"" — a-form--has a heat of soln. of 
57 Cals., whereUvS the salt obtained at a higher temp. ~j8-forin-~ disengages 760 Cals. 
The heating and cooling curves of sodium sulphate by K. Hiittner and G. Tammann, 
N. S. Kurnakoll and F. S. Schcmtschuschny, and H. E. Boeke show only one transition 
point between 235° and 253° ; and K. Nacken detected a marked change in the 
opticalpropcrties of sodium sulj)hate above 230°. According to J , C. G. do Marignac,^^ 
the tetragonal crystals of heptahydrated sodium sulphate, Na2S04.7ll20, have 
tho axial ratio a : o— 1 : 0*7346 — with positive double refraction ; and, according 
to W. Ilaidingcr, the monoclinic crystals of mirabilite, decahydratt^d sodium 
sulphate, Na2S04.10Il20, have the axial ratios a : 6 : c— l'115cS : 1 : 1*2380 ; 
^ —107° 45' — with negative double refraction. 

The rhombic bipyramidal crystals of potassium sulphate form an isoinorphous 
group with those of the corresponding salts of rubidiujn and caesium. The axial 
ratios and mol. vol. arc indicated in Table XXXVI ; the axial ratios and topical 
parameters of the three last-named salts were determined by A. E. H. Tutton.^ 


'rABLK XXXVI. — Some CKYSTAi.L<j(JKAriuo Constants of tuk Alkali SxrLtHATKS, 



lUiombic a:b :c 

1 

aM.c. 

1 

j Sp. «r. D 

1 1 

Mol. wt. i 
M 


natio. 

Li * 80 , 

I 00:i8: 1 : I '.jSOO 

1*3852 

2*221 

110*1 

0-002886 

14] 

NaaSO, 

0*4731': 1 : 0*7996 

0*3673 

2*673 

142*2 

0006482 

10] 

KjSO, 

0*5727 : 1 : 0*7418 

0*4248 

2*666 

174*4 

0-006496 

9 or 27 

RbjSO, 

0*5723 ; 1 : 0*7485 

0*4284 

3*615 

267*1 

0-006798 j 

8 or 24 

CsjSO, 

0*5712 : 1 ; 0*7531 

0*4303 

4*246 

361*9 

0-006048 

7 or 21 


The replacement of potassium by rubidium, or rubidium by caesium, produces a 
regular increase in the dimensions of the crj^stal, and the same regularities occur 
in the optical properties. The same regularities do not occur with sodium and 
lithium. A. Ogg and P. L. Hopwood have calculated the lengths of the sides and 
the volume of the unit rhomb of the crystals potassium, rubidium, aud ca*sium 
sulphates from data furnished by the X-ray spectrometer ; they find 

Lengths aC sides of unit rhomb cm. VoluTue 

a, 6, c. c.c, 

KjSO, . . . 5-731 Xl0-» 10-00 X 106-" 7-424x10-* 425-78x10*-' 

RbjSOi • • • S'949 10-394 7 781 48614 

CSjSO, . . . 6-218 10-884 8-198 654-88 

There are four mols. ia the elementary cell. 
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According to E. Mallard, the rhombic crystals of potassinni >sulphate und^ i ..; 
a sudden change at 600"* and become hexagonal with negative double relVactioi, * 
H. le Chatolier gives 580^ as the transformation temp, on a heating curve, and 
on a cooling curve. N. S. Kurnakoll and fc>. F. Schemtschuschny, and K. lluttn< , 
and G. Tammann found the change occurs between 587"^ and 610^ ; 13. Karandec li. 
at 599°. The latter also find rubidium sulphate undergoes a similar transfonnatioi, 
at about 657°. It is not merely by chance, says 0. Miigge, that the majorit) o! 
substances hitherto examined on a rising temp, approach a higher symmeiTv. 
reach it, as in the case of aragonite, glaserite, nitre, silver iodide, and cryoliu*. 
Sulphur and mercury iodide pass gradually from a most highly difforentiat(‘(l 
crystalline state into the amorphous fluid state in so far as they can do so withoui 
decomposition. 

The crystals of potassium and sodium sulphates exhibit triboluminesceiuo 
and crystalloluminescence.^ According to G. Meslin, the crystals of botli salts 
are diamagnetic. W. G. Hankel has studied the pyroelectrical phenonieuuTi 
exhibited by the crystals. 

The best representative values of the specific gravities and molecular volumes 
of the anhydrous alkali sulphates are indicated in Ta})le XXXVIl. *Tho sp. gr. 

Table XXX\n-I. — P atiameters of tub Alkali SuLniATKfl. 

. I 

I Topical parajneiers. 




Mol. vol. 

X 



Don Mo 
re tract ion. 

LiSO. 
NajSO, ! 

2*221 

2*673 

4<)*6 

141*10 

2*1540 

i 5*1860 

4*1470 

—feeble 

+ 

K.SO* i 
libjSO, i 
Cs.SO, 1 

2*660 

3*615 

4*246 

64*01 

73*34 

84*58 

3*8810 
j 4*0304 
4*2187 

3*8574 
' 4*0030 

i 4*1840 

4*0064 
; 5*2366 

5*5175 

-|- feeble 
- -feeble 


of anhydrous lithium sulphate, 1^2804, determined l>y \V. Spring,^® is (Ki ) ; 

by G. Wyroubofi, 2*221 ; and by S. Kremers, 2'21() (5*9') ; and at a temp., 
between 800° and 1000°, E. Brunner gives r981-0'0039(fl— 900). For the sp. gr. of 
hydrated lithium suljihate, Li2SU4.1l20, 1j. 'I roost gives 2 f)2 ; and U. rettcTssou, 
2*052 (21°) and 2*056 2*060 (20°). The reported sp. gr. of sodium sulphate, Xa28t)4, 
range from E. Filhoks 2*629 to H. G. K. Schroder’s 2*7 ; P. A. Favre and C. A. \ alson s 
value is 2*681 (20*5°) ; II. G, F. Schroder’s, 2*()95 (5*9') ; G. Quincke's, 2*66 (O") 
and 2*104 at the m.p. ; P. Kremers, 2*656 when crystallized at G0°-70°, 2*679 when 
crystallized at 100° and sulphate which had l^een fused, 2*6513 ; and E. Brunner 
at 0° between 800° and 1000° gives 2‘OG5‘O*t)OO45(0 — 900). (.). Petlersson gives 

1*485 (19°), and 1*492 (20°). The reported sp. gr. of deeahydrated sodium sulphate, 
Na28()4.10H2f >, range from F. Stolba’vS 1*460 to E. Filhol's 1*52 ; L. Playfair and 
J. i\ Joule’s value is 1*469 (3*90°) ; and P. A. Favre and 0. A. A'alson, 1*155 (26*5°). 
Tlic published values of the sp. gr. of potas.sium sulphate rangi^ from G. Karsteii's 
2*6232 to A. E. II. TutWs 2*6633 (20°); F. Stolba’s 2*615 (16°); P. A. Favre 
and 0. A. Valson’s 2*653 (21*8°) ; and L. Playfair and J. P. Joule’s 2*656 (319‘ ). 
The reported values for rubidium sulphate are 3*640 (10*8°) by 0. Pettorsson ; 
4*250 (16°) by W. spring; and 3*6113 (20°) by A. E. PI. Tutton. P’or cfi}siuni 
sulphaOs A, E. JL Tutton gives 4*2434 (20°) ; 0. Pettorsson, 4*105 (19*2°); and 
W. Spring, 4*2»50 (16°). F, i\l. Jager’s values for the sp. gr, of the molten alkali 
sulphates are indicated in Table XXX VI 11. P’or lithium, the sp. gr. D at 0°^ 
water at 4° unity, is Z>=-=2*0r8— 0*000407(0 --850) ; sodium sulphate, 
D—2 061 — 0*000483(0 — 9CK)) ; potassium sulphate, /)— 1*872- O*OO()5449(0 — JlOO) ; 
rubidium sulphate, D— 2*562 —0*000665(0— 1050) ; and crosium sulphate, 
D-=3O34—O*(X)O711{0~1O4O)—O*OO(XK.)O494(0— 1040)2. E. Brunner’s value for 
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sodium sulphate is 2>=0-065 - 0 00045(0 -900). For the effect of press, on the 
sp. gr. of potassium sulphate, vide the alkali chlorides. 

The capillary constants of molten sodium and potassium sulphate are 
respectively tt2=17*64 and 17‘25sq. mm. ; while the surf ace tensions are respectively 
182 and 177'7 dynes per cm. F. M. Jager's values for the surface tension (dynes 
per cm.), sp. gr., and mol. surface energy (ergs per sq. cm.) of molten alkali sulphates 
are indicated in Tabic XXXVTTl. 


XAnnK XXXVIH.- - TiiJi Seiicinc Gravities akd Surfack Tknsioks of tjiji; Moltfn 

Alkali Sulphates. 


Temp. 



Hurfaro 

iCIlMlOU. 

1 

Sp. Kf. 

i Mol. surface 

1 energy. 

per degree. 

1 -- 




223*8 

2*004 

I .‘J2:{l 

1 0*50 



200-3 i 

1-8G0 

j 3039 

0*50 




104-8 1 

2*061 

! 3295 

0-30 



184*7 

1*971 

3199 

1 0*30 

Q,. f]070-2" 

\j 65(50 



143*7 i 

1*888 

; 2935 

i 0*90 



106*8 ! 

1*569 

2468 

i 0*90 




132 5 i 

2*538 

2953 

i 1 *92 




108*9 

2*233 

264.3 

0*27 

^'"'=‘^04 1 15300 



1 n *3 1 

3 037 

2694 

1*91 



83*0 

2r)()6 

2248 

i 0*43 


A. E. 11. 1’utton 32^ives for the coefficients of thermal expansion of the crystals, 
at O ', in the directions of the n, b, and c axes : 


Potassium sulphate 
Rubidium sulphate 
Ca3.siuin suljihate 


0000()36j<» 

3037 

.3385 


0*00003225 

3214 

3105 


0*00003034 

3403 

3590 


The best representative values for the melting points of the anlxydrous alkali 
sulphates arc 

JA.,S04 XiiaSOj K2SO4 lllvSOt CS2SO4 

M.p 859^ 880" 1074" 1074^ lOlO'" 

The values for lithium oulphato range from T, Oarnelley's 818' ±2"" to K. lliittner 
and G. Tamnianii's 859“ ; for sodium sulphate, from V, Meyer and W. Riddle's 
801“ to K. Hiiitner and (i. Tammann’s 897“; for potassium sulpliate from 
If. le Chatelicr's 1015“ to V. Meyer and W. Riddle's 1078" ; for ruhidiuiri sulphate, 
K. Hiittiier and G-. ^rammann give 1074“, and for ciesiuin sulphate, 1019“. Ac:cording 
to (:r. Tanimanii, the change in vol. dv on nuiltiiig Glauber's salt is t/i?=:=:0 0037 
— 0'0lXK)08p, when the press, is p ; and the eflect of press, on the in.p. 6 is 
^--:32’0-K>*(X)O5O7p— 0’00()00055/>*^. E. Cohen gave for the latent heat of fusion, 
18 cals, per gram, or 16500 cals, per mol. 

Sodium or potassium sulpliate volatilizes in a platinum crucible at the temp, of 
a powerful blast>gas fiaiiu', and if but partially volatilized, in the hottest part 
of a Bunsen's flame, the residue has an alkaline reaction. According to 
R. Bunsen, potassium sulphate volatilizes 15 04 times as rapidly as sodium 
chloride, and 10 times as rapidly according to T. H. Norton and D. ]\I. Rotli. The 
corresponding numbers for potassium sulphate are 7’89 and 6’ 73. B. D. Jackson 
and J. J. Morgan found the vapour pressure of potassium sulphate to be 0*4 mm. 
of mercury at 1130“. G-. P, Baxter and J. E. Lansing measured the vap. press, 

of crJ^stals of liydrated sodium sulphate. According to A. Schiiller,^® tlie specific 
heat of sodium sulphate is 0*2293 (28“-57°) ; 0*23115 (15“-98“), according to 
H. V, Regnault ; and 0*227 (13“-45“), according to H. Kopp. For potassium 
sulphate, H. V. Regnault gives 0*19011 (15“-98“) ; and H. Kopp, 0*196 (13“-45“). 



664 INORGANIC AND THEORETICAL CHEMISTRY 


The heats of formation of anhydrous alkali sulphates from their elemcnf 



LigSO^ 

NiigSO^ 

KiSOs 

llbgS 04 


Heat formation . 

. 342 

328 6 

244*6 

344*7 

349*8 Cals. 

Heat sola. 

6-05 

0 5 

-7*4 

--6*7 

-5*0 Cak 


The heat of formation in dil. aq. soln. 2Li0Haq+H2804aq=^3r29 Cah, ; I nr 
sodium sulphate, 31 *38 Cals. ; for normal soJn. of potassium sulphate, 31 *21) C-al.s, 'Hut 
heat of solution of anhydrous lithium sulphate is 6*05 Cals. (J . Thomson) and 605 ( ‘ul.s. 
(S. IJ. Pickering) ; for sodium sulphate is 4(K)H20, J. Thomsen gives 0*46 ()als.,and 
M. Berthelot andL. Ilsovay de Nagy Usova, give for the heat of soln. Q of sodium 
sulphate in IOOH2O at 0^, the interplation formula 0*44+0*0526(0— 15) ('als. 
J. Thomsen gives —6*38 Cals, for the heat of soln. of potassium sulphate in 4()0Ho(> ; 
and for KXlIIoO at lo"", M. Berthelot and L. Ilsovay de Nagy ILsova, -~6 J58 Cals. 
According to S. U. Pickering, the heat of soln. of potassium sulphate in 4001Io() 
at 3^ is -7*997 CaLs. ; at 10", -7*301 Cals. ; at 20", 6*41 Cals. R. de Porcmud 
gives for the heat of soln. of rubidium sulphate, —6*66 Cals, at 15" ; and for ciesium 
sulphate, —4*97 Cals ; the heat of formation of hydrated lithium sulphat(‘ ; 
Li2S04+H20=^2‘64 Cals, J. Thomsen gives the heat of formation of decaliydrat(‘d 
sodium sulphate : Na2S04+10H2O— 19*22 Cals., or, according to M. Berthelot, 
18*64 CaLs, The heat of soln. of hydrated lithium sulphate, Li2S04.Il20, is 3*4 Cals. ; 
for decahydrated sodium sulphate, Na2S()4.1()Il20, in 4OOH2O, J. Thomsen giv(\s 
— 18*8 Cals. ; and M. Berthelot, with 9(X) to ]8()0H2O, — 18* J Cals. J. Thomsen 
found for the heat of dilution of sodium sulphate soln. containing n mols. of water, 
0 Cal. ; w--l(.K), —0*665 Cal. ; n=-2(X}, -1*13 Cals. ; /^--lOO. —1*38 Cals. ; 
and H -600, - 1*48 Cals. M. Berthelot pointed out that liis value, for heat of 
soln. of sodium sulphate, Na2S()4+A4---U*78 (.VI., differs from P. A. Favre's value 
0*17 Cal. far too much to come within tli(^ range of experimental terror, and lie 
came to the conclusion that thest»> and similar discn'pancios with magnesium sulphate, 
MgS04.H204-Aq^ 13*3 Cals. (J. Thomsen), and 10*986 (hils. (M. Berthelot), etc., 
are best explained by assuming that these salts (‘xist in at least two modilu'ations. 
Previously fused sodium sulphates has a liighor valu(‘, than the unfused salt. 
S. U. Pickering found that pKJviousl}^ fiLsed sodium sulphate lias a mol. Lt. of 
dissolution of 61-68 cals., and the unfused salt 47~r>0 cals., and he iijfer.s that the 
one form Ls converti'd into the other at about It has not bt‘.en tcisted whether 

the (explanation is not due to a partial decomposition of the salt during fusion as 
in the analogous case of sodium carbonate. 

The water solubilities of the alkali sulphates, expresscMl iji grams of anhydrous 
salt per PX) grms. of soln., are 

0“ 10® 20" 40' GO" 80® 100^' 

i.i^SO^ . 20*1 25-9 25*5 24'7 24*2 23*5 23*0 

. 4*76 8*3 16*3 32*8 31*2 30*4 29*8 

. 6*85 8*44 J0*00 1286 15*38 17-63 19*4) 

Rb2S04 . . 27-3 29-9 32*5 36*9 40*3 42-9 45*0 

CHaS04 . . 62*6 63*4 04/1 05 5 06*7 67 8 08*8 

The solubility data for lithium sulphate are by P. Kreiners and A. iStard ; 
according to H. Lesci^ur, the monohydraP^d salt, Li2S04.H20, is the solid phase 
from 0" to over IW", There is a maximum in the .solubility curve of 26*5 at " '5" ; 
18*4 at —20". 

A. ifitard gives the percentage solubility N of lithium sulphate at 0" between 
— 20" and — 10*5" as aS- - 18*5 +0*84210, and between — 10*5" and 100", by 
*S=26*5 — 0*02410. T. W. Ricjhards and V. Yngve found the solubility aS of sodium 
sulphate in grms. of Na2S04 per 1(X) grms. of water at 0" between iS" and 25" is 
log N--=:0*659970 1-0*29638890 +O‘(X)OO6889250^, and the solubility of this salt has 
been suggested as a moans of measuring temp. Data for sodium sulphate have 
been obtained by J. L. Gay Lussac, L. 0. de Coppet, H. Lowel, Earl of Berkeley, 
and T. W. Richards and R. C. Wells ; data over 100" have been obtained by 
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A. ]6tard, and by W. A. Tilden and W* A, SJienstone. The eutectic temp with 
3'85 per cent, of Na2S04 is at —1*2® ; the solid phase up to 32 383® is decahydrated 
sodium sulphate, Na2S04.10H20 ; and above that temp., the anhydrous salt is the 
solid phase with a solubility 29*5 at 120® ; 29*G at 140® ; 20*40 at 160® ; 31*4 at 
180® ; and 31*7 at 230® ; A. ifitard gives 29*90 at 190® ; 30*80 at 240® ; and 17*80 
at 320®, The inetastable heptahydrated sodium sulphate, Na2S04.7H20, has its 
eutectic temp, with 12*7 per cent. Na2S04 at —3*55®; and H. LoweVs data for 
the solubility, expressed in grams of anhydrous salt per ICK) grms. of soln. with 
the solid phase Na2S04.7H20, and Na2S04.10Il20, are : 

0° .5® 10** 15“ 20“ 24-4“ 

Heptahydrated salt . 10*3 J9-4 23*1 27*0 30*6 34*1 

Decahydrated salt . 4*76 6 0 8*3 11*8 10*3 21*9 (26^) 

Hence, in accord with the general rule, the solubility for the labile phase, 
Na2S04.7H20, is greater than for the stable, phase, Na2SO4.10H2O. The transition 
temp, of the heptahydrated salt to anhydrous sodium sulphate is 24*4. J. P. Wuite/s 
solubility curves are illustrated in the chapter on solutions. J. Block, andCl. Tammann 
have studied the effect of press, on the transition temp. The data for potassium 
sulphate are by L. C. de Coppet, J. L. Andreyc, Earl of Berkeley, and J. E. Trevor. 
According to G. Bruni, the eutectic temp, with 6*54 per cent, of potassium sulphate, 
is — I'Sh"", and, according to W. A. Tilden and W. A. Shenstone, the solubility at 
120® is 20*9 ; at 143®, 22*4 ; and at 170®, 24*7 per cent. A. fitard says the solu- 
bility between 175® and 220® is virtually constant with 24*5 per cent. 1^804- For 
the solubility curve of potassium sulphate between 0® and IGO®, A. Etard gives 
if=:7-5^-[-O*l670 ; and C. Blarez between 0® and ;k)®, N- 8*5-4 0*120. A. E. Norden- 
skjold also gives log iS'.~l*lOGl-l-O*(K)81170 -0*000032450^ ; and J. L. Andreje, 
aS^^-^ 9*2194-O‘193()4(0~-1O)— ()*(X)(j3O83(0— 1())2. The data for ruhidium and c^ium 
sulphates arc hy A. l5tard, and Earl of Berkeley — at 102*4® the solubility of 
rubidium sulphate is 45*2 per cent., iind of caesium sulphate at 108*6®, G9*2 
per cent. 

0. Blarez found the solubility of potassium sulphate to be depressed by the 
presence of potassium chloride, bromide, or iodide to such an extent that as much 
potassium sulphate is precipitated from the vsat. soln, as is eq. to the potassium 
added as halide. A. Seidell also found the solubility of sodium sulphate to be 
depressed with ineroasing proportions of sodium chloride in the soln., sodium sulphate 
is almost iasoluble in soln. with 35*5 grms. of sodium chloride per 100 grms, of 
.water. J . von Liebig stated that potassium sulphate does not dissolve in potash- 
lyo of sp. gr. 1*35 ; A, Stronicyer also found tliat potassium sulphate dissolves 
but sparingly in soln. of jjotassium acetate. Of all the salts of potassium yet tried, 
the sulphate is the least soluble in aqua ammonia.*^® Thus H. Giraud found that 
100 c.c. of soln. containing 0, 15*37, and 31*02 gnus, of NH3 in 100 o.c. of water, 
dissolved respectively 10*804, 0 828, and 0*042 grms. of potassium sulphate. Potas- 
sium sulphate dissolves much more readily in soln. of sodium sulphate, magnesium, 
or copper sulphate than it does in water alone, due, uo doubt, to the formation 
of double salts. 

According to 11. Kolbe,^i lithium sulphate is insoluble in absolute alcoholy 
but C. W. G. Kastner found it to bo soluble in aq. alcohol, and F. A. H. 8cliroin<‘- 
makers and W. A. van Dorp found lithium sulphate to be virtually insoluble in 
SO per cent, alcohol, but the solubility increases rapidly as the amount of water 
increases. The solubility of sodium sulphate in aq. alcohol of different temp, and 
oono. has been studied by 0. A. L. de Bruyn,^® Sodium sulpliate is virtually insoluble 
in alcohol of greater cone, than about 72 per cent. For example, at 15®, with 
decahydrated sodium sulphate, per 100 grms, of soln. : 


Water 

. 88*7 

86-1 

78*6 

60-0 

41*1 

28*0 

Alcohol 

0 

8-6 

18*9 

39-5 

68*8 

72*0 

Na*S04 

, 11*3 

6*3 

2*9 

0-0 

0*1 

0*0 
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With certain cone., the soln. separates into two layers thus, at 25 , the upper 1;/^ ‘i 
has H2O : (.VU5OIX : Na2S04 in gnus, per cent., 66*5 : 27*5 : 6*2, and the lo\\rr 
layer, 67 4 : 5*1 : 27*5 ; at 45°, the upper layer has 66 : 24 ; 10, and the lower lax 
68*6 : lO l : 21*3. A, Gerardin and H. Schiff found with 10 per cent, alcoix.l' 
at 15 \ loo gna.s, of a sat. soln. contained 3*0 grins, of potassium sulphate, 20 per cmuI . 
alcohol, 1*46 grins. ; 30 per cent., 0*56 ; and 40 per cent., 0*21. While 100 grn... 
of alcohol of sp. gr. 0*039, at 60°, dissolved 0*92 grm. of potassium sulphate, only 
0-16 grui. was dissolved at 40°. According to C. E. Lincbarger, 100 gmis. (Ii 
24*2 per cent, propyl alcohol dissolve 1*99 per cent, of sodium sulphate ; aiul 
62 per cent, propyl alcohol, 0*38 per cent, sodium sulphate. Rothmund and 
N. 4’. M. Wilsmore found acetic acid dissolved 4*2 grm.^^. MaoSO.j, and IIT)’! pins. 
IV28O4 per litre at 25'' ; and 128-58 grms. Na2S()4 and 82*7 grins. Similarly 

wdth phenol, 3*01 gnus. C(jH50H and 115*0 grms. K2S()4 w(*Te dissolved j)er litre ; 
and 46*82 grms. ColfsOli and 93*8 grms. K2S(i4. According to A. Kolihu*, 100 grins, 
of a sat. soln, containing 52 grms. of sugar hold 9*6 grms. of sodium sulphate in 
soln. ; and IW grms. of a sat. soln. containing 66*74 grins, of sugar hold 3*18 gnus, 
of potassium sul])]iate in soln. A. V’^ogel found 100 gnus, glycerol of sp. gr. 1*255 
dissolve 1*316 grriis. of jiotassium sulphate at ordinary temp.; and at ordinary 
temp., W. F. 0. de Coninck saj^s that ///yen/ dissolves 3*0 to 3*2 per cent, of ciosiiini 
sulphate. 

According to V. Rothmund’s experiments on reciprocal soluhdity, if the 
solubilit\' of a snbstjince A is diminislied (or increased) by the addition of another 


substance R, then the solubility of R, in turn, will b(‘. decreased (or increased) by 
tin', addition of J. R. Lowenlierz found that the solubility 
A of anliyd rolls sodium carbonate at 32° is considerably 
I / d(ipr('ss(.‘d by the addition of urea to the soln., and tJic 

§ solubility of the decahydralo is slightly iiicreasf.'d in 

^ ^ f>r(jscnce of urea. Accordingly, it miglit be argued from 

i — ^ ‘ Rutlimumrs rule, that the. solubility of ure.a will be 
^ j increased in solii. of tin*, decahydrate, and decreased in 

jolripf^rdture ^iolns, of the anhydrous salt, but i\ S. Ilud.son argues that 

40 soln. of the. two crystalline forms of. sodium sulphate arii 

identical in ]diysical an<l chemical properties, and licmce tlic. 
solubility of urea c-annot be affected in the wav ]n(‘dictcd by V. KotlunuiuVs reciprocal 


solubility rule. 


In Kig. 42, let tfu3 curves and S„ respectively dmiote the solubilities of an 
anlivdrous salt and one of its liydrates associated with v mols. of wat<'r. Let T 
be the transition temp, where the vap. press, of a mixtur(‘. of t\vo solids is eqiud 
to the vap. press, of their common sat. aq. soln. If a foreign solute be added to 
the soln., the vap. press, is reduced, the transition tinnp. in the new soln. will 
bi*, reduced to T' , and the solu))ility curves of Die anhydride and its hydrate will 
c.ross at just as they r.ross at T wdic.u tlie pure solvent is used. 8incc tlie transi* 
tion trmp. 7’' is lower than 1\ it will be necessary for tlie solubility of at least one 
of the two solids to be changed by the ]}reseucc of t]n‘ foreign substance. In that 
case it can be shown that (1) the solubility of the anhydride which forms a hydrate 
in sola, will be changed to ; (2) tJm solubility X/ of tJie hydrate will likewise 
be increased to iSj/ ; (3) when a niunbcr of hydrates are formed in aq. soln., the 
solubility of tint hydrates which has the greatest proportion of water wdll be increased ; 
and (1) when a number of hydrates are formed in jkj. soln., the solubility of the 
liydrate, whicli has less water than the hydrate in the solid phase, will be increased, 
and, conversiily, the solubility of those hydrfttes with more water than is present 
in tlie solid phase, Avill bo diminished. 

A({, soln. of lithium sulphate furnish monoclinic plates of monohydrated 
Uthium sulphate, LiS 04 .H 2 ^* G. 0. A. van Dorp's equilibrium curves are shown 
in Fig, 41. If a cone. soln. of lithium sulphate be kept boiling for some time, 
J. W . Retgers says that rhombic ncedle-like crystals of the anhydrous salt are 
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formed which have analogous optical properties with the anhydrous salt which 
has been fus<^d or calcined. The sp. gr. of the liydrated salt is smaller than that 
of the anhydrous salt, as indicated above. M. Faraday noticed that if the aq. 
soln. of sodium sulphate be cvaj)oratcd “ considerably beneath the b.p. of the 
soln. ’ the crystals resemble those of potassium sulphate more than Glauber’s 
salt, and they arc anhydrous. \V. Haidinger made a similar observation. 
E. Mitscherlich placed 33^ as limiting temp, above which crystals of the 
anhydrous salt are obtained and below which Glauber’s salt is formed. More 
exact investigations by T. W. Richards and R. (J. Wells, and by H. 0. Dicken- 
son and E. F. Muller, place the transition temp, at 32-383^ ±0001®. This 
point is so sharply defined and easily reproduced tliat it has been proposed as 
a fixed point in thermometry. R. Lowenherz found the transition point to 
be lowered in the presence of cc^rtain foreign materials, thiLs, J, H. van’t Hoff 
and A. P. Saunders found the presence of sodium chloride lowered the transition 
point to 18°; and 0. Schultz-Sellack stated in 1871 that the anhydrous salt 
separatOvS at ordinary temp, from strongly alkaline soln. If the crystallization 
from a(j. soln. occurs below 32*383°, crystals of decahydrated sodium sulphate, 
Na^SO^.lOH/), are formed. S. Tanatar Avas abhi to re})lacc one of the mol. of 
tli(*. water of crystallization by a mol. of hydrogen peroxide of crystallization. 
S. Tanatar evaporated a soln. of sodium sulphate in 3 per cent, hydrogen peroxide 
at 50°, and as soon as crystallization commenced, 23roei2)itated the sulphate by the 
addition of alcohol. The crystals contained the eq. of N^j>iS04.9H20.H202, and 
lost i^bout half the hydrogen peroxide in a week's time. 

Soln. of sodium sulphate very readily assume a state of supersaturation or 
under-cooling by simply lowering the temp, of a warm soln. of sodium sulphate in 
half its weight of water while the flask is plugged with cotton wool. These soln. 
have been accordingly largely employed in the study of this phenomenon. The 
state of supersaturation is upset, and the j>rooess of crystallization inaugurated by 
the introduction of a fragment of solid Glauber’s salt, which W. Ostwald estimates 
should not be smaller than 10““^ grins. There is usually enough dust of sodium 
sulphate crystals in the atm. to start the process of crystallization. Crystals of 
other unrelated salts will not servo the same purpose. The labile state occurs 
when the soln. has be(*.n cooled below --15°, crystallization then sjiontaneously 
occurs without the need for seeding with a crystal of the solid salt. 

M. Faraday noted that wliile a hot cone. soln. of sodium sulphate in a closed 
vessel may be reduced to the common, temp, without crystallizing, in some circum- 
stances, crystals form in the soln. during cooling, even though tlui vessel has not 
been opened or agitated. If. Lowed examined the crystals more carefully. 
H. Ogden's, M. Faraday’s, and J . B. Ziz's analyses make the salt appear Na2S()4.8H2G, 
but when freed from liontamination with the decahydrated salt, the crystals are 
those of heptahydrated sodium sulphate, Na2S()4,7ll20 ; and J. C. G. dc Marignac 
showed that they belong to the tetragonal system. H. S(.*hitf found that hot alcohol 
precipitated the heptahydrated sulphate from under- cooled soln. of sodium sul- 
phate, but cold alcohol precipitates the decahydrated sulphat<^ ; and R. Brandes 
and E. Firnhaber say that the decahydrated sulphate is precipitaUjd from cold 
sat. soln. H. Lowcl prepared heptahydrated sodimn sulphate in the following 
manner : 

A soln. of 22 parts of Glauber’s salt in 10 parts of hot water is poured into a tlask. The 
liquid is cooled and twice its volume of alcohol at 40^ and sp. gr. O S.'lo, is poured avS a 
layer over the acp soln. Crystals of the heptahydrated salt, free from the decahydrated 
sulphate, are formed as th(^ alcohol mixes with the water. The crystalline product can bo 
treed from the adherent liquid by press. 

H. Violctt(? and E. H. von Baumhauer believed that this always occurred at — 8°, 
but L. C. do Coppet showed that with the same soln. it could be produced at temp, 
between 6° and —13*3°. The vap. press, of the soln. of heptahydrated salt at 20°* 
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is, according to H. Lescocxir, 10 5 while those of the decahydrated salt under 
the same conditions have a vap. pre^ 27*8 mm. The heptahydrated salt begins 
to dehydrate near 27"". The fusioni^mp. of the decahydrated salt is «32*38,3°, the 
same as the transition temp,, so alsQ the fusion temp, of the heptahydrated. salt is 
27"^, and this is also the temp, at whJbl^ the heptahv drated salt becomes anhydrous 
sodium sulphate — ^Fig. 2 — ^I. 10. 1, the absence of traces of the decahydrated 
salt, the crystals of the heptahydrated salt can be prosc^rved unchanged. If a 
soln. sat. with respect to the heptahydrated salt and in equilibrium with the solid 
phase be seeded with the decahydrated salt, some decahydrated sodium sulphate 
will separate from the soln. on account of the lower solubility of the last-named salt. 
The soln. wnll therefore no longer bo sat. with respect to the heptahydrated salt, 
and some will dissolve to be immediately precipitated as decahydrated sulphate. 
In this way, all the heptahydrated sulphate will be transformed into the decahydratetl 
sulphate. Hydrated forms of potassiun\, rubidium, and caesium sulphates do not 
separate from aq. soln. .1. Ogier claimed to have made hemihydrated potassium 
sulphate, K2S044H2l^ 2K2SO4.H2O, by crystallizing this salt in the presence 

of benzylsulphonio acid ; and J. Pelouze a monohydrated sulphate, K2SO4.H2O, 
by the oxidation of potassium sulphite or hyposulphite. There is, howovt‘r, 
insufficient acceptable evidence. 

P. Kreiuers gave the specific gravity of a soln. with (>‘5 grins, of Li2S04 in 
100 grms. of water as 105 ; with 12%5 grins., 1*098 ; with 15*3 gnus., 1*118 ; with 
22*6 grms., 1*167 ; with 24’4 grins., 1*178 ; and with 29*4 grms., 1*208. G. T. Gerlach 
has a table of sp. gr. of soln. of sodium sidphate at 15'’ for soln. of Na2S04 and 
Na.2SO4.10H2O of diffenmt percentages : 


l*er cent, salt 

Na,S04 

Nti 28 O 4 . 101 l.,O 

K.SO^ 


1 JO Lr> 20 25 30 

I 0001 1 0457 1 0927 

1 004 1*020 lO'lO 1000 1 082 1*103 1*125 

1*0082 J 0410 10750 (9) 


Data have also been given by H. Schiff, VV. Schmidt, H. T. Barnes and A. P. Scott, 
J. C. G. de Marigiiac, E. H. Archibald, C. M. Pasca, etc. J. G. Mac^Gregor .says the 
sp. gr. of a soln. with w per cent, of sodium sulphate, is 0*fKj91267'<c plus the sp. gr. 
of water at the temp, in question ; similarly for soln. with less than 2*5 per cent, 
potassium sulphate, 0*0()816u;. 0. Pulvcrmacher measured the sp. gr. of soln. of 

potassium sulphate.. A 9 per cent. soln. at 20* P" has a sp. gr. 1*0800, according 
to H. T. Barne.s and A. P. Scott.^i According to H. Erdmann, ^2 goln. of 
riibidiiini Bul]jhate sat. at lO'^ has a sp, gr. 1*2978; and, according to J. Kanno- 
nikolf, a 6*14 per cent. soln. of the same salt, at 21*4'^, has a sp, gr. 1*0485 (water at 
4° unity) ; while a 1*55 jier cent. soln. of emsium sulphate has a sp. gr, 1*0350 
at]9*6^ 

F. Braun found the coeff . of compressibility of soln. of sodium sulphate of 
sp. gr. 1*045 is 0*0(XX143 ; and W. C. Rontgen and J. Schneider give for the mol. 
compressibility soln. containing a mol. of the anhydrous salt per 700 mols. of water 
at 18" : 


HaSO* (|irH 4 )i*S 04 UaSO^ 

ComprossibiUty . . 0*970 0*853 0*813 0*804 0*803 

and for soln. with 1500 mots, of winter, H2BO4, 0*920 ; (NH4)2S04, 0*741 ; and 
Li2S04, 0*655. V^. Schumann measured the compressibility of soln. of lithium and 

potassium sulphates, and W. Schmidt of sodium sulphate. 6. Wertheim, and 
T. Martini measured the veloc-.ity of sound in soln. of sodium sulphate. 

J, Holmes and P. J. Sagemann have measured the changes in vol., dv, which 
occur on mixing x per cent, of one sepof inolecules in a binary mixture where v is the 
change in vol., and compared tliem with the calculated vajues dtJ=a;(100 — x)K, 
whore K is a constant evaluated from the observed values for cquimolecular mixtures. 
The following results were obtained : ' / : 
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Kxpanslona, dv. In aq. aoln^pw 100 moU. of Bulpburio acid. 


Mols. of 
salt 

per cent. 

K,S 04 

Obs. 1 Oalo. 

NaaSO^ 

(NH^laSO^ 

.MgS 04 

, 78 

ZnS 04 

CUSO4 

AI,{SO,)a 

88*9 

139 

155 

129 

114 

65 

48 

57 

75*0 

279 

295 ! 

261 

232 

159 

115 

91 

120 

50*0 

3U4 

— 

368 

321 

226 

160 

130 

196 

25*0 

269 

295 

259 

207 

163 

122 

100 

186 

Jl*l 

137 

1 

155 

120 

97 

85 

61 

51 

113 


According to J. Wagner, and Q. Pulvermacher, the viscosities of A-, 

JiV-, and JW-floln. of sodium *sulphate, water unity, at are respectively 

1*2291, 1*1058, 1*0522, and 1*0235 ; and for potassium sulphate, 1*1051, 1*0483, 
1*0200, and 1*0078 respectively. A. Sprung and R. F. d’Arcy noticed no 
irregularity in the change of viscosity with the temp, of soln. of sodium sulphate 
in passing through the region of 33”. The diiSusion coefficient in ])ure water 
at 10” for J*42V-soln. of sodium sulphate is 0*00 sq. era. per day; and for 
l*5W-soln. of potassium sulpliato, 0*75 sq. era. per day. The coefficient of 
cubical expansion of solutions of lithium sulphate with 27*5 grms. of the salt 
per litre is () 0()(X)48 from 0” to 5”, 0*000107 from 5” to 10”, and 0*000300 from 
35” to 40” ; similarly with soln. witli 55 grms. of salt per litre, the numbers arc 
r(‘.spectively 0’('KX)101, 0*000150, and 0*(KX)370 ; while with soln. with 110 grins, 
of salt per litre, the respective numbers are 0 WOlOO, 0 000197, and 0*^X)0367. 
K. Zopernick and G. Tammann find that the volume of v of aq. soln. with 1*72 
grms. of sodium sulphate in 10 c.c. of water is at 0” up to 0=150”, 'i;-=l*0524 
+O‘O(K)8(58(0— 11O)+O‘OO(X)O22(0-~11O)2; and for soln. with 3*46 grms. per 10 c.c. 
of water, '<;=l'0533-f O*O(K)815(0 — 110)-f O*OO(XX>25(0 — 110)2. According to 
W. W. J. Nicol, the coelT. of cubical expansion of soln. below 34” is 0*000470; 
and at the transition point it falls to 0*000385. C. Forrh found the coelf. of cubical 
expansion of a soln. of 43*5 grms. of potassium sulphate per litre is 0*000078 between 
0” and 5” ; 0'<XJ0135 between 5” and 10” ; and 0*000389 between 35” and 40”. 
Soln. with 87 grms. of the salt per litre have the corresponding numbers 0*000148, 
0*000192, and 0*(K}0402 respectively. W. Spring gives 0*0123447 as the coclf. of 
cubical expansion of soln. of jiotassiimi sulphate. 

The specific heat of solutions of sodium sulphate falls from 0*997 (12”-15”) 
for 1*0 per cent, soln., to ()'892 (18”) for 10*8 per cent. soln. ; to 0*781 (24”-100”) 
for 30*3 per cent, soln. Similarly, for 4*6 per cent. soln. of potassium sulphate, 
the sp. ht. is 0*9463 (19”-52”), and for 8*8 per cent, soln., 0*902 (19”-52”). G. Jager 
found tlie thermal conductivity of 10 per cent. soln. of sodium and potassimu 
sulphates to be respectively 99*8 and 99*3 (water=100). 

According to P. Kromers,®® the boiling point of a sat. soln. of lithium sulphate 
is 105”, while for sodium sulphate II. Lowel, gives 103*17”; and G. J. Mulder, 
103*5”. C. Matignon and F. Meyer found a sat. soln. of sodimn sulphate boils at 
102” and contains 2*10 inols. per 10(X) grms. oi ^oln. Soln. with 9*5 grms. of Na 2 S 04 
per 1(X) grms. of water boil at l(X)*5”, according to G. T. Gerlach, and with 43*7 grms. 
of salt, at 103*2. H. Lowel found that a sat. soln., when boiled becomes covered 
with a crust of anhydrous sodium sulphate. When the soln. sat. at 50” cools to 
about 29”, it depo.sits the decahydrated salt and its temp, then rises to about 31”. 
The b.p. of a sat. soln. of potassium sulpha^ is 103”, according to P. Kremers, 
and G. T. Gerlach found a soln, with 7 grms./pf salt in 100 grms. of Avater boiled 
at 100*5”, and with 31*6 grms. of salt, at 102^1”. The Earl of Borkeley gives for 
the b.p. of a sat. soln. of rubidium sulphate, 102*4” ; and for crosiura sulphate, 108*6”. 

G. Tammann obtained 14*6 mm, for the lowering of the vapour pressure of 



670 


INORGANIC AND THEORETICAL CHEMISTRY 


water at IW by 5*99 grms. of lithium sulphate per 100 grms. of water, and by 
30*20 grms., 811 lum. ; by 5*06 grms. of sodium sulphate, 9*0 mm,, and by 
grms., 73-6 miii. ; 6*31 grms. of potassium sulphate, 10*1 mm., and 21*22 grms., 
32*1 mm. ; and 11 58 grms, of rubidium sulphate, 12*7 mm,, and 64*95 grms., 70*5 
mm. According to H. Lescoeur, the dissociation pressure of decahydratcd sodium 
sul])hato is 3 8 mm. at 0*^ ; 5*2 mm. at 6° ; 7*0 mm. at 10° ; 19*0 mm. at 25° ; 
and 24 0 mm. at 29°. The vap. press, thus rises with temp, to that of the sat. 
soln. at the transition point, for B. Cohen found at 28*3°, 30*1°, and 32*6°, the 
vap. press, of sat. soln. of Na2S04 are respectively 24*07, 26*60, and 30*82 mm, ; 
and for sat. soln. of NaoS04.10H20, respectively 26*20, 2803, and 30’82 mm. 
E. Cohen also measured the vap. press, of sat. soln. at different temp. 

According to F. Rudorff,^® 20 parts of Glauber's salt with 100 parts of wat«T 
lowers the temp. 6*8°, i.e. from 12*5° to 5*7° ; 12 parts of potassium sulphate in 
1(K) of water lower the temp, about 3*3°. The lowering of the freezing point of 
?i soln. with 0‘»X) mol. per litre i.s 3*87°, and it rises to 5*1° as the cone,, falls to 
0*01 mol. per litre corresponding with the ionization of the salt into three ions. 
Similar results were obtained with pota.ssinm sulphate. 

The indices of refraction of crystals of potassium, rubidium, and CcTsiiim 
sulphates have been measured by A. E. H. Tutton, H. Topsoe, and C. Christiansen. 


A. TO. 11. Tutton’ 

s values 

CMino. 

at 18°-2() 

° are : 

i>-line. 






^ a 


y 

a 

'p 

y 

a 


v" 

KaSO, . 

1*4916 

1*4928 

) *4954 

1 *4935 

1*4947 

1*4073 

l-4!m2 

1 '4995 

1 * 502:1 

RbjSO, 

1*51 (2 


1*5124 

1*5131 

1*5133 

1-5141 


1*51 S3 

1-5191 

CsjSO., . 

1 *557:1 

1-5419 

1 *5657 

1 *6508 

1 *5644 

J -5662 

1 •.5«()(» 

1-5725 

J -5725 


The index of refraction of lithium sulphate soln., >4+1501 1 2O, is 1*31.15; 
and of LioSO^rf-dolLU, is 1*3610. J. H. Gladstone and W. Hlbb(‘rt<>^ found tJie 
refraction eq. for the 71-Iine for 5*75 per cent. soln. of sodiurn snlj)hate to be 25*84 ; 
for 10*93 per cent, soln., 25*93 ; for potassium siilphat(3, 5*43 per cent-, the nd’raetion 
eq. is 32*55 ; and with 10*44 per cent, soln., 32*41 ; with 9*42 per cent, rubidimn 
sulphate to be 25’81 ; for 10*93 per cent, soln., 25*93 ; for potassium sulpliate, 
5*43 per cent, the refraction eq. is 32 55; and witl) ](i'41 j)er cent, soln., 32*11 ; 
with 9*42 per ccjit. nibidiiiiu sulphate soln., 38’4 7 ; and 15*24 ptir c(‘nt. cnnsiuiii 
sulphate, 47*60. In ])assing into soln., there is 0*55 j)erc(mtage increase with 
potassium .sidphate, 1*6 with rubidium ,su1[)hato, and ~-()'5 with caasium sul])hate. 
O. Pulvermacher also measured this constant for soln. of potassium sulphate. 
The magnetic rotation of the plane of polarized light at is 1*0556 for Na2H(.)4 
+2r928H20 soln. ; 1*0295 for Na2SO4+59*180H2U soln, thus giving for the 
rnol. rotation a value less than that of water whicli has tJie respective values 
2*953 and 2*8(19. W. II. Perkin could find no evidence of ionization in sulphuric, 
acid soln. down to cone, of about 10 per cent. K2SG4. 

Molten sodium sulphate has a specific conductivity‘s^ 3680 XlO”*^ (mercury 
unity). The. equivalent conductivities, A, of soln. of lithium, sodium, and potassium 
sulphates witli A^-gram^eq. per litre, arc, at 18° : 
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The A-A'-soln. of lithium sulphate is about two-thirds ionized. ()*01A-soln. of 
potassium sulphate at 0° are 84*5 per cent, ionized ; 0 liV-soln., 65*5 per cent. : 
and ()'2A^-soIn., 59*5 per cent, ionized. G. N. J^ewis and G. A . Linhart have mea8urc<l 
the degree of ionization of soln. of potassium sulphate calculated from A. A. Noyes 
and G. K. Falk’s determination of the ratio A/A^ and the value calculated thermo- 
dynamically, and found the former to be almiit 2o per cent. Jess for soln. with 0*01 
mol. per lito?.. Tho corresponding numbers at 18° are 83*0, 66*0, and 60*1 per cent. 
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The transport number of the anion of potassium sulphate from about to N’ 
soln» lies between 0'500-0‘506 and the temp, coeff. for the conductivity of 0*01 iV- 
soln., 0 0223 (18'^-26°) ; and for sodium sulphate soln., 0 0240 (22°). The potential 
difference of a normal soln. of sodium sulphate against 10 per cent. H2SO4 is 
— 0*148 volt ; ordinary commercial nitric acid, — 0*677 volt ; against 60 per cent. 
KOH, 0*154 volt; and is inappreciable against 33 per cent. ZnS04, and a sat. 
soln. of CUSO4. G. M. J. McKay measured the transport number with mixed 
soln. of j^otassium chloride and sulphate. A. Heydwcillcr found respectively 3*34 
and 5*87 for the dielectric constant of powdered and compact potassium sulphate ; 
and 0. B. Thwing, 6*45 for potassium sulphate. 

R, Nackon®’ has investigated the f.p. curve of binary mixtures of lithium and 
sodium sulphate, and found evidence of the formation of compounds Li2S04.Na2S04 
melting at 520°, and of 2Li2S04.3Na2S04 ; with lithium and potassium sulphate, a 
maximum in the curve correspondvS with the formation of Li2S04.K2S04 molting 
at 716° ; R. Nacken and E. Jiinecke find evidence of the formation of a compound 
3K2S04.Na2S04 melting at 470° with K2SO4 and Na2S04, while above 600° they 
form a eutectic about 20 per cent. K2SO4 imdtiiig at 830°. K. Nacken found 
evidence of th() foruiation of a compound of silver sulphate with lithium sulphate 
— ^2Li2S04.3Ag2S04 — but none with silver sulphate and sodium or potassium 
sulphate. 

Lithium sul])hate forms no double salt with barium or strontium sulphate, and 
in this respect it differs from the other alkali sulphates which form compounds of 
the types M"S04.3M/St)4 ; M''S04.M2'S04 ; 2M"S04.M2'S04. Eor example, 

81804.10804 ; 8rS043Na2S04 ; etc. 11. Muller found no evidence of combination, 
between lithium and calcium sulphate, but with oalciuni and sodium sulphates, 
H. M idler and G. Calcagni and G. Mancini found a maximum in the curve at 949° 
corresponding with the formation of the compound 3Na2S04.CaS04, the calcium 
analogue of vanthoflite. With potassium, rubidium, or cjcsium, and calcium 
sulphat(‘s, 11. cruller found evidence of the formation of I^2S04.2CaS04, melting 
at 1004° ; of Hb2S04.2(JaS04, melting at 1043° ; and of Cs2S04.2CaS04, melting 
at 959°. The fusion curve of berylliiun and potassium sulphates show that tetra- 
gonal crystals of K2804.2BeS04, melting at 910°, are formed. R. Nacken, and 
A. S. Ginsberg found potassium and magnesium sulphates form a compound, 
K2804,2MgS()4, melting at 927°, and corresponding with the mineral lamjheinite ; 
while with sodium and magnesium sul])liatc there is evidence of the formation of 
3Na2S04.MgS04 — vanthofiite- -and of Na2S04.3MgS04. Sodium sulphate was 
found by H. E. Boeke to giv<) no com))Ound with sodium molybdate, Na2Mo04, 
or with sodium tungstate, Na2\V()4, E. (Jroschuff found no evidence of combination 
between potassium sulphate and chromate. A. Wolters found sodium fluoride, 
and sulphate form a compound NaE.Na2S04, melting at 781° ; B. Karandk^ff 
likewise obtained a maximum with the compound KF.K2SO4, melting at 887°, 
on the f.p. curve of potassium lluoride and sulphate ; but neither A. Woltens nor 
E. Jiiticckc found any witli sodium vsulpha-tc and chloride. 

Potassium, rubidium, and caisium sulphates are isomorphons and form a scries 
of mixed crystals. Lithium sulphate is not isomorphous with the other alkali 
metals, and does not form mixed crj^stals ; it does, however, unite with sodium, 
potassium, rubidium, Ciesiura, and ammonium sulphates, forming double salts,®® 
of the type Li2S(J4.M2S()4, or MLiS04. Some other double lithium suljdiates 
have been reported — Li2S04.3Na2S04.12Il20, that is, LiNa3(S04)2.61l20 ; 
Na4Li2(S04)3.91l20, and the corresponding anhydrous potassium salt ; and 
Na2Li8(S04)5.5J [20 and 1^21^^8(804)5.61120. A mixed soln. of sodium and potassium 
sul])hates deposits optically uniaxial crystals which have been reported as hexagonal 
potassium sulphate, but these crystals always contain sodium. J. AV. Ketgors 
showed every reason to suppose that a double salt, NaK3{S04)2, or Na2SO4.3K2.SO4, 
corresponding with the mineral glnserife, is formed. F. Penny®® has reported the 
compound 3K2S04.Na2S04. or K3Na(S04)2 ; and J. H. Gladstone, 5K2S04.Na2S04, 
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or K5Na(S04)3. H. W. B. Roozeboom’s study of the system Na2S04— 

— H2O shows the conditions under which astracanite, Na2Mg(S04)2.4H20, is formed. 
There are numerous other double salts — ^the alums, the double sulphates of tlit* 
type K2M(S04)3.6H20, where M represents an atom of cobalt, copper, nickel, 
zinc, magnesium, or ferrous iron, etc. R. F. Weinland and J. Alfa prepared 
fluosulphates, K2SO4.KHSO4.2HF, that is, KgH3F2(S04)2 ; E. do Haen, 
K2S04.SbFjj ; etc. 

Chemic^ properties of the alkali sulphates.— The alkali sulphates volatiliz*^ 
at a high temp, with a slight decomposition, since J. B. J. D. Boussingault found 
the residue left after incomplete volatilization reacted alkaline. The sulphates are 
reduced by hydrogen over 500"^, forming a mixture of alkali sulphide, and hydroxi<le 
and sulphuric acid. The first action, says M. Berthelot, is probably K2SO4+4H0 
-:KOH+KSH+3H20--0‘9 Cal., or Na2S04+4H2-=3H20+Na0H+NaSH f M 0 
Cals. The hydrosulphide then decomposes 2KSH=K2S+*H2Si and the hydrogen 
sulphide can react with the alkali : KOH+H2S~'KSH+H20+13‘4 Cals. Tlu' 
sulphide can also react with water vapour : K2S+H2O— KHS+KOH ] 7*3 Cals. The 
liydrogen sulphide may also decompose into hydrogen and sulphur, and the latt<.‘r 
can react with the alkali sulphides: K2S-I- 3S--K2S44‘15‘4 Cals. Carbon’® acts 
only at a high temp., forming alkali sulphide and carbon dioxide.’^ A. Colson 
says that when heated in an iron pipe, practically no reaction occurs below 950^ ; 
but above this temp, the redurtion is rapid and uniform : Na2S04+4C=^Na2S-}-4C( ). 
Carbon monoxide forms the sulphide and carbon dioxide, S^phur dioxide doi*.s 
not act at a red heat, and sulphur’*'* at a red Innit forms sulphide and sulphur 
dioxide. Finely divided iron at a red heat forjjis potash, afid iron sulphhh' and 
oxide and 2anc forms potassium sulphide and zinc oxide. When Jicated to redness 
with ammonium chloride it is converted into potassium cldoridis’^* but the operutior) 
must be repeated a number of times for a com])let(‘- transformation. Hydrogen 
chloride does not apprec-iably attack potassiumsiilpbate at the reaction comnnmcfs 
about and at 360”, the conv^ersion to chloride is incomplete ; at a red heat all 
is converted into chloride.” The addition of strong acids to soln. of the sulpliaies 
(converts them partially into salts of the acid with the liberation of sulphuric acid. 
Thus, A. Ti. Prescott showed that 0*7 per cent, of potassium chloride is fornu*d wlu n 
a gram of potassium sulphate is evaporated to dryness with 4*035 grins, of hydro- 
chloric acid containing 1'251 grins, of IfCl. Cone, hydriodic acid converts solubk^ 
sulphates into iodides, with the evolution of hydrogen sulphide."'"^ To transfoi nia 
sulphate to a carbonate,, dissolve, the salt in a soln. of carbonic, acid, and add about 
1*5 times its weight of liarium carbonate after shaking the mixture, heat it to the 
b.p., and lilter oli the soln. of alkali carbonate. E. Brunner found tliat wiili fused 
mixtures of SOdium chloride and lithium sulphate at 900*^, tbe eejuilibrium con- 
dition is 60 per cent, of (NaCI+iLi2S04)=F^(LiCl >f ^Na2S()4) 40 per cent. 

According to G. S. Butler and H. B. DunniclitT, dry alcohol acts on dry sodium 
hydrogen sulpliato, with the formation of the intcirmediate sulphate, Na3ll(fci04)2, 
or Na2S04.NaHS04, and the liberation of sulphuric acid, wliich dissolves in the 
alcohol, and is subsecjiiently converb(3d partly into ethyl hydrogen sulphate. Pro- 
longed action of alcohol does not extract any further quantity of the acid. Methyl, 
n-butyl, and amyl alcohols also react with sodium hydrogen sul])hatc, with the 
formation of the same intermediate sulphate. Dry ethyl alcohol does not decompose 
dry potassium hydrogen sulphate. Moist alcohol will completely decompose 
sodium hydrogen sulphate, giving first the intermediate sulphate, Na2S04.NaHS04 
and finally normal sodium sulphate. Sodium sul]>hate is sparingly soluble in moist 
alcohol. Alcoholic sulphuric acid reacts with sodium sulphate in the cold (18”), 
with the formation of an acid sulphate. The amount of the interaction increases 
with the strength of the alcoholic sulphuric acid employed. When alcoholic 
sulphuric acid acts on sodium hydrogen sulpluite, the intcrme‘diate sulphate, 
Na2SO4.NaHS04, is formed if the strength of the alcoholic sulphuric- acid corre- 
sponds with 20 per cent, or less. When the alcoholic sulphuric acid has a strength 
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oorrospondinji: with SO per cent, of sulphuric acid or more, the compound, 
Na2S04,2NaHS04, is T)robably produced ; if so, this compound is slowly decomposed 
by constant extraction with pure, dry ether, and finally yields the coinj»ouud, 
Na2S()4,NaHS04. The compound, Na2S04.NalIS()4, is formed when dry sodium 
sulphate is heated witli dry sodium hydrogen sulphate. 
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§ 26. Alkali Acid Sulphates ; Alkali Hydrosulphates 

II ne faut pas que Tacide soit simplemont mfile avec le sel noutre, il faut qu’il y ait 
coherence de I’acide avec lea aiitrea partioa, q«*il fasse combinaison, et qu’il y en ait 
uno juste quantit6 ; Texc^a d'acide a aussi sou j)oiut de saturation. — G. F. RoUELLis 
( 1754 ). 


In an important Mhnoire sur les sets neiUres, published in 1754, G. F. Rouclle ^ 
was the first to (lommcnt on the formation of crystals of alkali bisulphate, or the 
alkali hydrogen or acid sulphate by the action of sulphuric acid on the neutral 
sulphate. Ho emphasi/.ed the fact that sels abides, as distinguished from sets 
ncutres, are formed by the action of a suj)eTal)undanoc of acid on the base, the 
excess of acid is not simply mixed with the neutral salt, but is chemically combined 
and that in une juste qaantile^ otherwise expressed in a fixed and definite 2>roportion, 
The aflinity of the alkali for the acid is not completely exhausted, so to speak, by 
the formation of the acid salt. 


H. Kose, 2 found that powdered potassium sulphate slowly absorbs the vapour 
of sulphuri(^ acid. Mixed soln. of the alkali suli^bates and sulphuric acid deposit 
double salts whose composition is determined by the temp,, the cone., and the 
relative proportions of acid and salt in soln. For example, a cone. soln. containing 
cqui-molecular proportions of j^otassium sul2)haie and potassium hydrosul2)hatc 
will give iiionoclinic plates of the salt K3H{S04)2, that 

is, K2SO4.KIISO4. The proportion of normal sulphate in Jr t 

a mixed soln. of jmtassium sulphate and sulphuric acid ^ 
increases proportionally with decreasing amounts of acid, 
until, when the proportion is K0SO4 : H0SO4—2 : 1, the ^ 
solid phase is entirely normal sal2>hate. Dil. soln. con- ^ 

tainiiig K2SO4 : -IT2S64- -1 : 2 to 3, give monoclinic plates ? / 

of K0SO4.3KHSO4.II2O; while cone. soln. give needle- J 

like crystals of the salt K2S04,()KHS04, which is rather |_ 

tmstable a7id readily breaks clown into K0SO4.3KIISO4 ^ ^ ^ 

and KIISO4, Similarly with soln. of sodium sulphate and of 

suljdiuric acid. If the number of mols. of normal sul^^liate, ^0 inca-eew- 

Na2S04, and of sulphuric acid, iroS04, in ecjuilibrium ing proportions 11 2SO4 
with a solid phase or phases at 25'", be ])lott(^d, a curve per 100 grms. of Soln. 




will bo obtained with breaks a.s illustrated in Fig. 43, 

which shows the limiting cone, for the f)assage from Na2S04.10lJ20 to the anhydrous 
sulphate, Na2S04, thence to the trisodium hydrodisulphatc*., anhydrous Na3H(S04)2, 
or hydrated Na2H(S04)2.H20. With a greater increase iji the cone, of the acid, a 
break appeals cjorre.sponding with the formation of monohydrated sodium hydro- 
sul})hate, NaHS04.H20 ; then the anhydrous hydrosulphate, NaHS04, appears, aiul 
the curve joins on to that depicted in Fig. 47. A comparatively large number of acid 
sul])bates of potassium, icH2S()4.?/K2S04, have been reported which arc not paralleled 
by companions of the other alkalies, not necessarily because such compounds do not 
exist, hut because they have not been sought. Some of the alleged compounds may 
be mixtures, because the evidence of unique chemical individuality is not always 
forthcoming. The phase-rule test applied by W. Stortenbeker, C. G. A. van llorp 
and J. d’Ans ® has shown the existence of the following potassium, sodium, and 
lithium compounds with definite conditions of stability between 18^" and —25'". 
To these have been added the well-defined anliydro- or pyro-sulphates, 3128207. 
and tlic reported parallel compounds of the other alkalies. 


Lithium. Sodium. 

-- Na3H(S04)2 

Li3H4(S()4)3 Na2H4(S()4)8 


Potassiiuu. 

K, 11^04)* 

K,He(S04)4 

KgHe(S04), 


Kubidhiin. Cwsauu. 




678 


INORGANIC AND THEORETICAL CHEMISTRY 


Litliliiin. 

Sodium. 

Potassium. 

Jiubidlum. 

CiBbhim. 

LiHSO^ 

^aHS04 

IfHSOa 

KbHSOa 

CaH804 

— 

NaKSO^H^O 

— 

— 




Nadi 3(804)2 

KH,(SO,), 

— 

— 

— 

NaIl3(S04)2.H20 

iorj(S04)2.Hs0 

— 


Oj.THaSO* 

. — 

— 





2 Na 2 S 04 . 9 HaS 04 

NaaSaO, 

_ 

— 



— 

KaSaO^ 

, RbaSaOj 

CflaSaO, 

— 

NaHSaC), 

KHSaO^ 

— 

— 


The general results are in agreement with the rnl(3 that the stability of an 
additive compound increases with the differences in character — ^iiositive or negative 
— of its components. 

G. C. A. van Dorp's curves for the ternary system : lithium sulphate, Hulj>huric; 
acid and water, are shown in Fig. 44. The solid phases AH represent the mono- 
hydrated sulphate/Li2S04.H20 ; B(\ the anhydrous sulphate, 1^12804; and CD, 
the hydrosulphatc, LiH8(.)4. J. Kendall and M. L. Landon found on the f.p. (Mirvt^ 
of the binary mixture evidence of the hydrosulphatc unstable at its in.p. 170*5' ; 
of dilithium tetrahydrotrisulphate, Li2S()4.2H2S04, unstable at its m.p. and ]>ass- 
ing into the hydrosulphate at 50^^ ; and of lithium heptahydrotetrasulphate, 
LLSO4.7H2SO4, or LiH7(S04)4, with a m.p, 13*6°. 

P. Pascal and M, Ero also studied the ternary system, Na2^S04 — IfoO, 






Kio. 45 . — Regions of Stability of the Solid 
Phixses in the Teniary Systt*m, H2SO4 
- NaaSO* H J) (P. Paseai and M. Kro). 


and found the solid phases and tlmir domains of stability which are indicated in 
Fig. 45 . The compound trisodium hydrodisulphate> Na3H (804)2, ix. (Na2S04);}H 2SO4, 
or Na2S04.NaHS04, w^as obtained by T. Thomson^ in 1825, during the (waporation 
of the product left after heating sulphuric acid with sodium chloride in the 
preparation of hydrogen chloride. H. Rose, G. F. Brindley, C. \V. Volney, C. Schulz;, 
and K. Heumann seem to have made monohydrated trisodium hydrbdisulphate, 
Na3H(S04)2.Ho0, and although G. C. Wittstcin denied the existence of this salt 
J. C. G. de Marignac (1857) obtained needle-like crystals of Na3H(S04)2, an<l 
showed that they belong to the momxdinic system with the axial ratios : a:b:c 
—1*7216 : 1 : 0*9485 ; ^=102° 16'. C. W. Volney also obtained these same 
crystals by heating a mixture of sodium nitrate and sulphuric acid to a temp, 
not exceeding 1(X)°, and allowing the oily li(|uid, decanted from the undecoiiiposcd 
nitrate, to crystallize. .1, d Ans obtained the crystals by evaporating soln, con- 
taining a mixture of equi-molecular proportions of sodium sulphate and sulphuric 
acid at .about 100° until crystals began to appear. Larger crystals of the desired 
salt are obtained by slowly cooling the soln. Tfie crystals are first washed with a 
^mixture of 50 c.c. of water, 10 c.c. of cone, sulphuric acid, and 75 c.c. of alcohol, 
'4nd finally with alcohol alone, and then with ether. Crystals of the monohydrated 
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salt are difficult to obtain. J. d’Ans obtained a crop by mixing the limiting soln., 
N’aji804— Na2nSOi, Pig. 45, with glauberite, CaNa2(S04}2, and keeping the mixture 
at 25° for about a week. Further crops of the monohydrated salt were obtained 
by using these crystals for seeding the original soln. According to H. Lescceur, 
P. Pascal and M. Ero, the hydrated form is NaHS04,H2S04.1JH20. H. Kose ^ 
prepared the corresponding tlipotassiuin hydro-disidphate, K8H(S04)2, or 
(K2S04)8H2S04 ; or K2SO4.KHSO4, as a product in the action of sulphuric acid on 
nitre. These crystals also appear in the first crop which separates during the 
evaporation of an aq. soln. of the hydrosulphatii, KHSO4. W. Stortenbeker found 
them as the solid phase when the liquid contained H2SO4 : K2S04=1‘15 to 1*80, 
A. Scacchi stated the crystals belonged to the rhombic system, but J. G. G. do Marig* 
nac’s measurements of the angles, and G. WyroubofT’s determination of the optical 
jjroporties of the crystals, showed that they belong to the monoclinic system with 
axial ratios : 6 : c~l*769 : 1 : 2*628 ; j3=K)2° il\ Their sp. gr. is 2*599 
(B. Gossuer), or 2*587 (W. Stortenbeker). J. Kendall and M. L. Landon observed 
indications of this compound on the f.p. carv(‘ of binary nnxtnres of the salt and 
acid ; its m,p. is 91*5°. 


The salt pentapotassium trihydrotetrasulphate, K 6 ir.^(S 04 ),, that i«, 51 ^ 3804 . 3112804 , 
or K 2804 . 3 KHvS 04 , was reported by W. Stortenbeker ® to havcj a narrow range of stability 
on tho equilibrium diagram at IS^’, with Holn. of a mol. ot a neutral salt and 2*07 mols. of 
fiulphnric acid. The inonoclinic crystals of tho mono- 
hydrated salt, lv 28 O 4 . 3 KHSO 4 .H 2 O, have the axial ratios 
a : b ; c = 1 -708 : 1 : 2 748 : 11 3^ 59'. J. d’Ans could not 

find this salt at 2b \ although he obtained evidence of its 
existence at 18"*, and at 0°. Its sp. gr. is given by 
W. Stortenbeker’ at 2*463 (18"). A salt, K 4 Tl 2 (S 04 ) 3 , that 
is, 21 x 3804 . 113804 , or K 2 SO 4 . 2 KH 8 O 4 , was reported by 
U. ITiillipa/ in 1821, to separate in noodlo-Iike crystals from 
soln. of the normal salt in dil. sulphuric acid. It Inis not 
bccai located on the equilibrium diagram, but W. Storten- 
bt'ker considers Phillips’ salt to be octopotassium hexahydro- 
heptasulphate, K 8 l£fl(S 04 ) 7 , that is, 4 K 2 SO 4 . 3 H 2 SO 4 , or 
K 28 O 4 .OKII 8 O 4 . Crystals of this salt were recognized by 
A, Scacchi • among certain volcanic products, and this salt 
is one of tlie leading coiistifAients of tho mineral mishiUe 
found in tho Grotto del 8 olfo at Miseno (near Naples). 

According to W, Stortenbeker, it is formed in soln. with 
H 2 SO 4 : KaS 04==2 18 ; 1 . It has a very narrow range of 
stability, and J. d’Ans recognized it at 0 " and 18", but 





Fig. 46. — Portion of Equi- 
librium Cuiwe for the 
Ternary System, 

-^112864-1120. 



phase 

to the piiase K 28 O 4 . 3 KII 8 O 4 . C. Schultz obtained thin plates of dilithlum tetra- 
hydrotrlsulphate ; 1 . 13114 ( 804 ) 2 , t.e. 2 LiH 804 ,H 2 S 04 , or Li 2 SO 4 . 2 H. 8 O 4 , n .4ting at 110 ", 
from a soln. of lithium sulphate in not quito four parts of its wtaght of cone, sulphuric 
acid. G. C. A. van Dorp did not find this salt at 30" ; but J. Kendall and M. L. Landon, 
on the f.p. curve, found evidimco of it existing as unstable at the m.p. and passing 
into IJHS 04 at 50"; they also found 4i$0dium totrahydrotrisulphate, Na 2 fl 4 ( 803 ) 3 , existing 
in two modifications botJi unstable at the m.p., and j>assing into NallSO, at 95® 
and 109®, 


A. Arfvedson noticed, in 1818, that the sulphate prepared by the evaporation 
of a soln. of lithium sulphate in sulphuric acid melts more readily than the normal 
sulphate crystallized from neutral soln. ; and C. G. Gmelin found that A. Arfvedson 's 
salt (iontained a greater proportion of sulphuric acid than the normal salt, for the 
latter was obtained by expelling water, sulphur dioxide, and oxygen from th<5 
former by calcination. In 1868, C. Schultz prepared crystals of lithium hydro- 
sulphate^ LiHS04, separated from a soln. of the normal sulphate iji sulphuric acid 
of sp. gr. 1*6 to 1*7. Very fine crystals of this salt can be obtained by recrystalliza- 
tion from its aq. soln. According to H. Lescoeur, this compound is formed only 
when monohydrated sulphuric acid is mixed with the normal sulphate. According 
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to J. Kendall and M, L. Landon, it appears on the f.p, curve of the coinj^oneiits, 
and it has an unstable m.p, of 170*5®. 

The corresponding SOdium hydrosulphate, NaIlS04, was obtained In 
J. J. Berzelius by heating to about 550®, a mixture of ten parts of sodium sul])ludf‘ 
with seven of cone, sulphuric acid until all was in quiet fusion. If the temp, is too 
high, sodium pyrosulphate, Na2S207, is formed. Triclinic four-sided prisms 
obtained by recry stallization from hot water, and T. Thomson obtained the same 
salt by the evaporation of a soln. of Glauber's salt in dil. sulphuric acid. According* 
to J. C. G. de Marignac, if the temp, of crystallization is below 50®, crystals of a 
hydrated form of sodium hy^drosulphate were once thought to be formed, l)ut 
T. Graham (1835) sa}^s that he never succeeded in finding any water of crystalliza- 
tion, and that the reports of its occasional presence are founded on dubious <?videnee,, 
being possibly based on analyses of mixtur(?s of tlie hydrosulj)bate with a little 
Glauber’s salt. The reason wdiy sodium potassium hy diosulphatc should be 
crystallized from soln. at a higli temp., say-s T. driahaiu, is because the soln. at low 
temp, are apt to decompose into tlic normal sulphate and sulphuric acid. This 
decomposition may occur even when the soln. contains an excess of sul])hurie acid, 
and this the more readily wdth sodium than wdth potassium liydrosulphate, and 
R. Brandos and E. Firnhaher say that crystals of Glauber's salt alone separate 
on cooling a hot soln. of one part of sodium hy^drosulphate in four parts of water. 

If 20 grins, of sulphuric o.cid lie diluted with lOO e.e. of wat( r, and the liquid divid(^<l 
into two equal parts, one part lumtraliztMl with a soliu of sodium hydroxide and th» n mixed 
wdth the other, crystals of sodium monohydiNated sulphate, will be obtained if the filte n'd yobi. 
be cong, by ovaporatioii, and allowed to crystallizo from a cold soln. in a dest t ator. 

J. Kendall and M. L. Landon ol)tained evidence of sodium hydrosulpliat*' on the 
f.p. curve of the componeuts, and gave the m.j). as 186®. J. t\ G. de Marignac 
(1857), however, claimed to have obtained monoclinit^ j)risms of hydrated SOdillin 
hydrosulphate, NailSO^JLO, with axial ratios: c— 009(35 : 1 : 10480 ; 

^=119® 35', by coobng a soln. of sodium sulphate with an excess of sul]>liuric 
acid, and he said that it is probably this salt which tJ. ,). Berzelius and T. 'bbojuson 
believed to contain three inols. of water of crystallization, and w^hich R. Braudes’ 
analyses rc])rescrit as containing 22*3® per cent, of Na.>0 ; 57*24 per cent, of SO3 ; 
and 20*46 per cent, of H2O Na2SG4.H2SO4.2H2O, or NairSOi.H.O ; T. Graham’s 
analysis : Na20, 25*96 per cent., SO3, 66*55 ; and HvO, 7*49 per cent. corri‘s]>onds 
with NaHS04. J. C. (J. de Marignac’s analysis agreed with tliat of ii. Braudes. 
H. Rose also claims to have made tbcj monohydrated salt by the action of a 
mi.Kture of sodium chloride with twice its weight of sulphuric acid mixf^l wdth 
one-tenth its weight of water ; and J. d'Ans and P. Pascal and M. Pro have 
shown the limits of sta])ility of the monohydrated salt in soln. of dil. sulphuric 
acid and sodiuiu sulphate. 

J. d’Ans has investigated the equilibrium conditions at 25®, of tin* ternary 
system : Na^O— S03~ .IJ2O. He recognizes the existence of 

Sodium liydrosulphate ......... NallS04 

Hydrated sodium trihydrocli.sulpbate ...... NaH3(S()4)2.Jf 2O 

Disodium sul[)}i?do luarnc^tnieasnlplmric acid ..... ' 5 H 2SO4 

Sodium hydro-pyrosulpliate, or sodium hydrogen anhydro^sulpbato . NaHSaO- 

Sodium pyrosulphate, or sodium atdiydro-sulphato .... ISagSoO; 

The isothermal solubility curve of mixtures of sodium sulphate, Na2S04, witJi soln. 
of sulphur trioxide in water, at 25®, is shown in Fig. 47. Tlnj numbers are expressed 
in moLs. of Na2S04C)r S03in 1000 grins, of soln. The ternary system, Na^O- SOs — 
IT2G, diagramim^d in Fig. 48, is extended towards the SO3 apex as far as the forma- 
tion of NalIS207, but not so far as the well-known sodium j>} rosulphate, Na2So07. 
The composition of the solid phases corresponds with the existence of sodium 
hydrosulphate, NaHS04; and monohydrated sodium triliydro-disulphate, 
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NaH3.(S04)2 H20 ; and sodium dihydrogen anhydro-sulphate, NaHS207, that 
is, NaJFISO^.SOa. There is also NaaSO^A-SH^SO^, or 2Na2S04.9H2S04. In Fig. 48, 
the triangle is cut into two portions by the heavier line — the smaller portion re2)rc- 
sents a complex of the three components which forms an uusaturated soln, ; and 
the larger portion, a complex which splits into a soln. and one or two solid phases. 
The light linos have been drawn to show how the separation occurs. As explained 
in connection with the triangular diagrams for sodhiiii and jiotassium iodates : 
any point in the sectors represents a soln. which splits into a soln. whose composition 
is re])resented by a point on the heavier curve bounding the sector, and into the 
solid phase named in connection with that sector ; points outside these sectors 
represent soln. which separate into soln. and two solid phases. The heavier curves 
in Pigs. 47 and 48 rejjresent the composition of a soln. which remains constant 
while the compovsition of the solid j)ha.sc (or phases) changes. 

The composition of the .sohi. in equilibrium, with one or two solid phases, is represented 
by the lu'.avior curves in the diagram ; starting from lnydratcd sodium hydroxide, 
Na0H.H20, and representing the percentage pro])oiiion3 of tiio tlirecj components in the 
order XagO : SO3 : IT2O, the soln. contains i()* 84 : 0 : 8310 ; the curve leading from this point 
reprt sents a soln. in cquilibriuin with the solid phases: NaOJrl.NiijO and JNa2S04. IOH2O : 
at the fir»t maximum ( 3 *.31 : 3 *.3 1 : 93 * 38 ) the solid pliuse is decahydrated sodium sulphate. 



SO^ /ccr /fOOO s'rmj. 

Kkj. 47 . — Solubility Curve of Sodium 
Sulphate, Na2S04, in Mixtures of 
SO3-H2O, at 25 °. 


fiXiO 



N‘a2S04. IOH3O ; then follow two solid phases Na^SO^. lOK^O and NagSO ; then the 
uccoiid inaximum with the solid phase NagSO^ ; then the two solid phases NaoSO^ and 
Na;,i £(S04)2H[20 ; and tho /nacrwmm with Na3H(S04)2H..20 as the solid phase ; then 

the region with the two solid ]>hfisosNa3lI(S04)2il2^®ud Xa3lI(S04)2 ; fourth maximum 
with the solid phase Na3LI(S04)2 ; then follow the two solid phases Na3ll(S04)2 and 
NaliS04.H20 ; the fifth maximum with tho solid phase XaHS04H30 ; the curve with two 
solid phases NaHS04.HaO and NalIS04 ; tho sixth maximutn with the one solid phase 
NaHS04; tb® curve with two solid phases NaHS04 and Nall3(S04)2H20 ; the seventh 
maximum ( 0*13 : 29*80 : 70 * 02 ) with tlio solid phase NaH3(S()4)2H20 ; tho curve with two 
solid phases Nall3(S04)2HaO and Na 2804.4*5112804 or tho metaslahlo Nalf3(S04)2H20 ; 
the eighth 'maximum (1 *80 : 43*20 : 55 * 00 ) with the solid phase Na2vS04.4*5H 28O4 ; the cxirve 
with the two solid phases Na.2S04.4*5H2S04 ; the curve with the two solid phases 
Ma2804.4'51l2S04 and NaHSgO, ; the ninth nuiximum ( 5*58 : 60*44 : 34 * 03 ) with tho solid 
phase NaHSaOy ; and so on into the region still unexplored. 


According to J. d’Ana, the range of stability of monohydrated sodium hydro- 
sulphate, NaIIS04.1l2(), at 25"", is approximately with soln. containing from 1*95 mols. 
of Na2S04, 3T2 mols. of H2SO4 per 10(X) grms. of soln., to 0'47Na2SO4H l'9hlf2S04 
per 10(X) grms. ; and of the anhydrous salt, NaHS04, with from the latter cone, 
up to 0*305 mol. of Na2S04 and 6*87 mols. of sulphuric acid per 1000 grms. of soln. 
With rather higher cone, of sulphuric acid, the trihydrodisulphate, NaH3(S04)2, 
appears. These ranges of cone, give the turning-points curve. Fig. 47, carried 
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towards the left. The hydrated sait^ NaHS04H20, melts at 58'54® ± 0 06°, ami 
J. d’Ans suggests its use as a fixed point for thermometry. The monohydrated 
salt does not appear in the isothermal curve above the transition temp. 68'r54°. 

The corresponding potassium hydrosulpbate» KIISO4, is obtained by melting 
together cqui-molecular parts of potassium sulphate and sulphuric atnd. According 
to V. A. Jacquelain,^’’^ a hot sola, of a mol. of potassium sulphate with a mixture of 
()‘5 to 1*0 mol. of sulphuric acid and water yields crystals of the normal salt on 
cooling, and the mother liquid when evaporated furnishes needle-like cr)^staLs of 
potassium pyroaulphate ; the last-named salt is also obtained as a crystalline mass 
by concentrating a soln. of a mol. of the normal sulphate in TS to 2’0 mols. of 
sulphuric acid, but after the crystalline mass has been exposed five days, it yields 
rhombohedral crystals of potassium hydrosulphate ; the change occurs nion^ 
quickly if three moLs, are used ; and in an hour, if five mols. of acid are used ]>er 
mol. of potassium sulphate. The liydrosulphate, KHSO4, and tlie pyrosulphat<% 
K2S2O7, can be formed as readily at ordinary temp, as at the latter is the moii^ 
readily produced when the sulphuric acid is in excess, the former wlien only a small 
quantity of the acid is present. V. A. Jacquelain further showed that the rbombo- 
hedral crystals of the hydrosulphato are readily produced from a soln. of eijni- 
inolocnlar parts of potassium sulphate and sulphuri(‘- acid in a hot dil. soln. of 
hydrochloric, nitric, tartaric, or acetic acid — hence, these acids act in tht^ saino 
manner as an excess of sulphuric acid. 


When the resi(iiie left after the distillation of nitric acid from a mixiuro of a mol. of 
potaashim nitrate with two mols. of sulphuric acid is dissolved in hot water, the lirsi cro}^ 
of crystals, says P. <j}ci^!:er, is potas.sium sulphate, and tlie mother liciuid on standhi;:: in 
a (iool place first deposits noodlo-liko crystals of the anhydro-sulphatc', and then thick 
prismatic crystals of the hydrosulphato. Aecordinj; to C, W. V'olney, ii tlio teinp. in the 
retort has not exceeded 100®, and sodium nitrate is used, the oily muss decanted from the 
uudecomposed nitrate, dt^posits cry.sta]s of ]N’a'El3(S04)2 ; if the temp, lias not exceedtsd 
121^^, the crystals are sodium hydrosulphato, NaH804. H. Koso claims to have made 
tlio monohydrated salt, K H.{S04,H20, and ,1. Ji. Soiidorens th(^ CJ-hydraiod salt, 
10.1804.5^1120* but in neither case is there any satisfactory evidence of the chemical 
individuality of the alleged hydrates. 


G. Tschermak also obtained ciystals of potassium hydrosulphatc?, KHSO4. by tJic 
slow decomposition of potassium ctliyl sulpliatc, or by treating alc.oliolic potash 
with sulphuric acid. J. Kendall and M. L. Landon obtained evidence of the liyclio- 
sulphate from the f.p. curve of the components ; its m.p. is given as 218*0°, and 
there are three modifications with transition points at 182° and 202''. 

It is therefore evident that the coiuposition of the salt deposited by a soln. 
of potassium sulphate in sulpliuric acid is determined (i) by the ratio of free acid 
to salt, (ii) by the cone, of the soln., and (hi) on the temp. According to W. Storten- 
beker,^^ the hydros nip hate, KHSO4, cr^^stallizes from soln. of potassium sulphates 
and siil|:>hnrie acid in which the ratio H2SO4 : K2SO4 is greater tlian 4*5 ; and he 
has studied the ranges of stability of the different compounds of potassium sulphate, 
sulphuric a(;id, and water, J. d’Ans recognizes the existence of the compounds : 


J\)tassium hydroaulphate 
Hydrated potassium trihydrodisulphato 
PotasHium Irihydrodisulpbato . 
Potassium hydro-pyrosulphato 
Potassium pyrosulphato . 


KHSO4 

K113(S04)2.HbC> 

KH3(S04)2 

1VH820. 

K2S207 


The isothermal solubility curve of mixtures of potassium sulphate and sulphuric 
acid (ixprosses the coiuposition of the soln. at 25° in equilibrium with the solid 
phase or phases, when the mol. ratio of K2SO4 and SO3 per 1000 grins, of soln. 
are plotted as co-ordinates. The ranges of stability in the ternary system : 
K2O “SO3— are diagrammed in Pig. 51, where the conditions have been 
studied in the vicinity of the SOjj-apex, as far as the formation of KHS2O7, but 
not as far as the well-known potassium pyrosulphate. The meaning of the diagram 
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will bo evident after the description of the corresponding diagram for the ternary 
s}^stem : Na20*~-S03 — H2O, Fig. iS. The maximal points represent the composi- 
tion of the soln. in equilibrium with solid phases: (1) K2SO4; (2) K3H(S()4)2 ; 
(3) K2SO4.6KHSO4.H3O ; (4)KHS04 ] (5) KH3(S04)2.H20 ; (G) KHS2O7. 

E. Bunsen, H. Erdmann, and others have made rubidium hydrosulphaite, 
EbHS04. It is obtained by heating the rubidium salt of a volatile acid with 
sulphuric acid to about 250‘^~257® ; the oily liquid, on cooling, forms a crystalline 
mass of this salt. E. Bunsen made ctesium hydrosulphate, CSHSO4, by treating 
cjusium carbonate with sulphuric acid under 
similar conditions. Both salts crystallize 
from water in rhombic crystals. 

The crystals of sodium hydrosulphate, 

NaIIS04, form triclinic crystals which, 
according to J. C. O. dc Marignac, have 
the axial ratios : a:h: c— 0‘774C) : 1 : 111)81 ; 

54'; 13'; Ar-88^ 57'. The 

crystals of potassium hydrosulpliate are 
rhombic bipyramids with axial ratios : 
a:h: c— ()‘8G(){) : 1 : 1*9344, and with a 
positive double refraction. P. \V. Bridg- 
man found that there are four modifica- 
tions of potassium hydrosulphate. P. Groth 
has pointed out that potassium hydrosulphatc^ forms three stories of mixed crystals 
with hmmonium hydrosulphate, and therefore inferred that the salt might prove to 
be trimorphic. It has not yet been shown if any of the forms stable at high temp, 
and atm. press, belong to the crystal systems corresponding with the mixed crystals 
under consideration, although P. \V. Bridgman says that the dissimilarity in the 
])hase diagrams of the two salts, shows that the isopolymorphism is more complex 
than is indicated by the mixed crystal systems at atm. temp. The equilibrium 
diagram is shown in Fig. 49. A few selected measurements are indicated in 
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Fig. ryO . — Solubility Curve of 
Potassium Sulphate, K 2 SO 4 , in 
Mixtures of SOg+H^Ojat 25°. 





Fig. 51. — Ecpiilibrium Curve of the Ter- 
naiy System, KgO — SOs—HaO, at 
25^ 


Table XXXIX. At the triple points I-II-IV, 1830 kgrms. per sq. em. jiress., and 
198*6°, the changes of vol. for HI, II~1V, and I-IV are respectively ()*0()J97, 
0 00113, and 0’CX)310 c.e. per grm., and the latent heats respectively 0*939, O’Tll, 
and 0*865 kgrm. m. per grm. At the triple point IHII-IV, 2900 kgrm.s. per sq. 
cm. and 118*2°, the changes in vol. for the transitions ll-lll, 1I~1V, and III-IV, 
are respectively 0*00570, 0*00110, and 0*00680 o.c. per grm., and the Jatcmt heats 
respectively 1*41, 0*057, and 1*47 kgrm. m. per grm. 

W. Spring a7 gives the specific gravity of lithium liydrosulphatc as 2*123 (13°) ; 
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of the sodium salt, 2’435 (13°) ; and of the potassium salt, 2 302 (13°) ; A. Jacquuluui 
also gives 2'163 for the potassium salt; L. Playfair and J. P. Joule, 

TAm.K XXXTX. — Effisot of Pressuke on the Transition Temperature of 
]^ oTAssiuM Hydros ulphate. 


Press. 

i 1 

1 Transition temp. 1 

Cliaiigo of vol. c.c. 
per grm. 

Latent heat kgrm.-Jii 
per grm. 

J~IJ * ^ 

^ 12000 

iso-e” i 

0*00066 

0*302 

200 •3“ 1 

0*00209 

1*000 

I-IV /^GOO 
^ 13000 

201-6“ 

0*00307 

0*801 

218-4“ 

0*00290 I 

0*756 

It-lV 

' '2875 

I 200-0“ 

0*00113 ! 

0*071 

! 120-0° 

OOOJIO 1 

0*059 


164-2“ 

! 116-6“ 

0*00556 i 

0*00571 1 

1*54 

1*41 

^'^ieooo 1 

' 116-4“ I 

OOOfyS I 

1‘46 

51-4“ 1 

0*0058 1 

0*70 


B. Gossner, 2’322 ; G. Wyrouboff, 2*273 ; JI. G. Sohroder, 2*305 ; and W. Storten- 
bcker, 2*314. According to W. Spring, tbe sp. gr. of rubidium bydrosulpbate is 
2*892 {IG'^), and of the caesium salt, 3*352 (IG^). The mol. vol. are : 

2Lin804 2 NaHS 04 2 K;HS 04 ^RbHSO^ 2(\sTfSC 
Sp. gr. . . 2*123 2*435 2*302 2*892 3*352 

Mol. vol. . . 98*1 08*6 118*0 125 8 13<>*0 

These numbers arc Jess than the joint mol. vol. of the components — neutral sidphate 
and sulphuric acid, ejj. for sulpliuric acid, B 2 SO 4 , tJie mol. vol. is 53'2, and for 
sodium sulphate 63*2, and hence for 2 NaHS 04 , the calculated mol. vol. is 
53*2+53*2=10G‘4, the observed value is 98’G. TJie docomjiosition of the hydro- 
sulphate into those two components must therefore occur with an increase in volunn'. 
Similar remarks apply to lithium hydrosulphate. W". Spring was hence led to 
try the effect of a very high press, at a low temp. — under 3‘ He found, in accord 
with II. le Chatelier’s principle, that the raising of tJie press, favoured the reaction 
which formed the products witli the smaller volume. With acid sulphates containing 
a high content of water, W. Spring found a separation into an acid liijuid, and a 
less acid solid. 

T. Thomson observed no loss in weight when sodium hydrosulphate is heated 
to J.49'\ According to T. Graham, this salt does not lose its transparency at this 
temp., its melting point is over 315'"', and, wJieii heated to a still higher temp., 
it loses sulphuric acid- -according to K. Kraut, a part decomposes into sulphuric 
a(ud and normal sulphate, and a part into water and p^ ros alpha t(% NajjS.i 07 - 
T. Graham also found potassium hydrosulphate to retain its transparenc}^ at 149'\ 
and to molt at 315*5*^ to a clear oily liquid without appreciabh^ decomposition. 
J. L. Gay Lussac observed no decomposition of this salt below a red h(^at, ))Ut at 
a red heat, it decomposes into sulphuric acid, sulphur dioxide, and oxygen as in 
the case of the sodium salt. A. Jacquelain gives 190'' as the m.p. of the })otassium 
salt ; E. Mitschorlich, 200 '' ; C. Schult/., 210'^. K. Bunsen says that rubidium 
h vdrosulphate melts below a red heat, and as a red heat is approached it begins 
to foam, loses sulphuric acid, and finally forms the normal sulphate*. ; but, says 
P. E. Browning, the pyrosulphate, Rb 2 S 207 , is first formed, and this decomposes 
into the normal salt with great difficulty. II. Bunsen applied similar remarks to 
ciesium hydrosulphatf.*. 

Solid potassium hydrosulphate, says H. Kopp,^^ has a sp. ht. 0*244 between 
lO'' and 51". According to M. Borthelot, the heat of neutralization, N'aOHd-H 2 S 04 
=—14*7 Cals, when all is in soln., if solid, 10*00 Cals., and therefore the heat of 
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solution is r87 Cals. J. Thomsen gives +1'19 Cal, The heat of neutralization, 
K01I+H2S04=14‘6 Cals, when all is in soln., and 48*2 Cals, when all is solid. 
For 2KOH+II2SO4, all in soln., 31*7 Cats., i.e. 2x15*85 Cals., consequently, 
KII8O4+KOH, all in soln., 17*1 Cals., and K2SO4+H2SO4, all in soln., — 2‘5 Cals., 
so that the formation of normal potassium sulphate from the bisulphate and 
potassium hydroxide evolves 17*1 Cals., while the neutralization of ^H2S04 by 
KOH evolves 15*85 Cals. A. CoLson explains the variation in the negative heat 
of soln. of potassium hydrosulphate which becomes loss as the dilution increases 
by the more and more complete dissociation of the acid salt, and the formation of 
the normal salt. The normal salt can exist in presence of the free acid ; and the 
dissociation of the hydrosulphatc is decreased by increasing the cone, of the acid, or 
by increasing the cone, of the normal sulphate ; and it is increased by increasing 
dilution. The reaction, Il2S04-hK, all solid, evolves 79*2 Cals,, and H2SO4+2K, 
all solid, 144*80 Cals, Hence, the displacement of one hydrogen atom from sulphuric 
acid by potassium disengages 79*2 Cals., and the second hydrogen atom, 65*5 Cals. 
The heat of formation of sodium hydrosulphate : Na+H+02+S02 is 196*31 Cals. 
(M. Berthclot), and of potassium hydrosulphate, 206*02 Cals. Kaojn.+IIgas +H6oin. 
+40Ka3^273*24 Cals. According to R. de Forcrand, the heat of formation of 
rubidium hydrosulphate from its elements is 277*34 Cals., and of caesium hydro- 
sulphate, 282*9 (Ms. According to J. Thomsen, the heat of dilution, (NaHS04 
+10HoO)+800JT.>0, is lO Cal.; Na2S04+2H2S04-=2*35 Cals.; and NaoS04 
1-1112804 =-2*68 Cnh. For KHSO4+33OH2O, at 15^ M. Berthclot gives -3*23 (5aLs., 
but the value of the constant varies with the proportion of water ; thus, for 201120, 
-3*91 Cals.; DHoO, -3-97 (Ms.; lOOlIgO, -^3*94; for 2CX)H20, ~3*80 Cals.; 
for 40OH2O, —3*53 Cals. ; and for 8OOH2O, —3*14 Cals. For the heat of admixture, 
K2S()4-I-H2804 , j. Thomsen gives 16*64 Cals., and M. Berthclot 15*2 Cals. 
P. Cliroustscholf found that the heat of reaction for mixtures of potassium sulphate 
and suly)huric acid attains a maximum when these two compounds are in the pro- 
portion IOK2SO4 : H2SO4. R. de Forcrand found the lieat of soln. of rubidium 
hydrosulphate, RbHS04, “~3*73 Cals., and of csesium hydrosulphatc, 

—3*73 Cals. 

The solubility of *soclium hydrosulphate in water is represented by 28*6 grms. 
at 25*^ and 50 grms. at KX)'^, per 100 grms. of water ; and P. Kremers 21 gave the 
solubility of potassium hydrosulphate in 1(X) grms. of water at O'", as 36*3 grms. ; 
at 20°, 51*4 grms. ; at 40°, 67*3 grms. ; and at 100°, 121*6 grms. 100 grms. of 
alcohol at 25° dissolve 1*4 grms. of sodium hydrosulphate. A soln. of potassium 
hyclrosulphate in about half its weight of boiling water deposits needle-like crystals 
on cooling ; according to P. L. Geiger, a large proportion of the crystals consist 
of the normal salt, and some sulphuric acid remains in soln., and this the more, 
the larger the proportion of water to salt. If the proportion of water is great, 
the addition of a larger amount of sulphuric acid to the water will not prevent the 
separation of normal sulphate. According to T. Graham, the affinity of the water 
for sulphuric acid overcomes that of the salt for the same acid ; and H. Rose, 
after noting the transformation of the hydrosulphate by repeated crystallization 
into intermediate sulphates, and finally into normal sulphate, attributed the 
transformation to the action of water which, in virtue of its preponderating 
mass, united with the sulphuric acid associated with the normal sulphate in the 
hydrosulphate. Cold water extracts far more sulphuric acid from the solid salt, 
leaving much normal sulphate behind ; the transparent crj^stals become translucent 
under these conditions. The decomposition of sodium hydrosulphate by water is 
greater than with the })otaHsium salt. Boiling alcohol removes almost nothing but 
sulphuric acid from powdered potassium or sodium hydrosulphates. The conditions 
of equilibrium for the alkali sulphates in the presence of different proportions of 
acid have been partially elucidated by J. d’Ans in his work : Zur Kennfnis 
der Hauren Sulfate; and by W. Stortenbeker in hisjwork; Sur Ics sulfates de 
'potassium- 
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J. C. G. de Marignac’s values for the specific gravities of soln. of sodium hydi.. 
isuli^hate,^** at 20 °, are : 

Por cvnf. NaFTS 04 . . 3*23 6*20 11*50 21*05 

8 p.gr 1*0236 1-0472 1*0917 1-1705 

aiid for soln. of potassium hydrosulphate, at 18°, Kohlrausch found : 

Per cent. KHSO 4 .6 10 16 20 25 27 

8 p.gr. . . . 1 0354 1*0726 1*1116 1-1516 1*1920 1*2110 

The viscosities of soln. of sodium hydrosulphate determined by E. B. Moorc/*^ 
at 18°, are 1*059 (water unity) for 0*25 mol. per litre, 1*100, 1*260, 1*622, and 1*871 
for 0*5, 1, 2, and 4 mols. per litre respectively. 

The coefficients of cubical expansion of soln. of potassium hydrosulphate, 
determined by C. Forch,^® are for soln. with 34 grnis. of KHSO 4 per litre, 0 00008() 
(0°-5°) ; 0*(;K)0149 (5°-10°) ; 0*000411 (34°-40°) for soln. with 68 grms. of KIISO 4 
per litre, 0*(K)0173 (0°-5°) ; 0*000222 (5°--l()°) ; and 0*000441 (35°-4()°) ; and for 
soln. with 136 grms. of KHSO 4 per litre, 0*000305 ( 0 °- 5 °) ; 0*C)00335 (5°-10°) ; 
and 0*000492 (35°-40°). 

r. Kremers places the boiling point of a sat. aq. soln. of potassium hydro- 
sulphate at 103° ; and F, M. Raoult found that a gram of the salt in 100 grms. 
of water lowers the f.p. 0'384°, or 34*8°, per mol. G. Tammann measured the 
lowering of the vapour pressure of water at 100 ° for soln. of potassium hydro- 
sulphate containing from 11*16 to 115*66 grms. per 100 grms. of water, and for the 
terminal soln. of: the series found a lowering of 18 mm. and 179*6 mm. of mercury 
respectively. 

K. Harili s values for the electrical conductivity A of soln. of sodium and 
potassium liydrosulphates at 25° and containing a mol. of salt in v litres of water : 



32 

(U 

J 2 S 

256 

5]2 

1024 

A, Nali 8()4 

. 31J-9 

366*2 

408*3 

449*9 

488*0 

513*0 

A, KI I 8 O 4 

. 339*5 

384*5 

428*3 

469*9 

507*4 

530*8 


The relatively large values of the conductivities, and the relatively fast increase 
with dilution is taken to indicate that the soln. contains not only Na - and H 8 G 4 '- 
ions, but there is also an increasing proportion of If*- and S(J 4 "-ions owing to the 
further ionization of JlS() 4 ;F=iH*-| SO 4 ". 

The hydrosulphat<>is taste like acids, and r(*dden litmus. 1'here is probably a 
partial transformation of the by drosulp hates into the normal sulphates and free 
acid in aq. soln., 2 NallSb 4 — H 2 S 044 -Na 2 S 04 ; and })y dialysis, T. Saba- 

litschka showed that about 43 per cent, of sodium hydrosiilphate and 28*3 per cent, 
of the potassium salt is transformed in this way. I)il. soln. of potassium hydro- 
sulphate furnish cj ystals of the normal salt, and four precipitations with alcohol 
give pure potassium sulphate. So also can normal sodium sulphate be precipitated 
by alcohol from aq. soln. of the liydrosulphati?. Moderately cono. soln. of sodium 
liydrosulphato deposit crystals which are jiiainly the normal salt ; and hot cone, 
soln. on cooling give npproxiinately equal parts of tlie noriiial and hydrosulphate. 
E, Mitschcrlich showed that above tJie fiLsion temp., potassium hydrosulphate 
behaves in many re.sp<^.c.ts like fn'e sulphuric acid ; above it-s ow'n b.p. it displaces 
hydrogen chloride frojii sodium chloride, and attacks many mineral silicates and 
calcined oxides whicli arc dissolved very slowly at the b.p. of the acid — iron 
and aluminium oxides, etc. It also forms double sulphates with magncwsium, zinc, 
etc. K. Btammer found the hydrosulpha ten arci reduced to the sulphides when 
Jioatod to redness in a stream of carbon monoxide, forming carbon and sulphur 
<lioxide, but no sulphur trioxide. 

By heating sulphuric acid with sodium hydrosulphato between 200 ° ahd 300° 
G. F. Brindley^® obtained crystals of sodium trihydro-disulphate, NaH 3 (S 04 )i 5 ; 
.hkI (J. 8 chiiltz, by cooling a soln. of normal sodium sulphate in nearly seven times 
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its weight of sulphuric acid. H. liCBCoour obtained a hydrated salt from a hot 
soln. of sodium sulphate in three parts of. cone, sulphuric acid. C. Schultz's salt 
melted at 100 °, H. Lescoeur’s at ^°. The latter lost its water at 220°, and this 
with greater difficulty than the corresponding potassium salt. G. P. Brindley 
proposed to use this salt as a means of transporting sulphuric acid. The range of 
stability of NaH 3 (S 04 ) 2 H 20 is indicated in Figs. 47 and 48. J. d’Ans also obtained 
the complex Na 2 S 04 . 4 iH 2 S 04 , whose range of stability at 25° is indicated in 
Figs. 47 and 48. 

C. Scbultz-Sellack,-^^ in 1868, found that a salt of the composition KH 3 (S 04 ) 2 , 
that is, K 2 SO 4 . 3 H 2 SO 4 , or KHSO4.H2SO4— potassium trihydro-disulphate— 
separated from a soln. of normal potassium sulphate in 2 or 3 parts of cone, sulphuric 
acid ; if five parts of acid arc used, the soln. requires seeding before the crystals 
appear. H. Lescoeur also, in 1874, obtained a hydrated form. C. Schultz- 
Sellack’s salt, K 2 SO 4 . 3 H 2 SO 4 . 3 H 2 O, or KH 3 (S 04 ) 2 l 11120 , forms a cold soln. of 
potassium sulphate in cone, sulphuric acid. W. Stortenbeker prepared a salt of 
this same composition by following C. Schultz-Scllack’s directions. It was difficult 
to be quite sure the crystals were free from mother liquor. W. Spring also reported 
a compound of the same composition, but the water of h^^dration was a little doubtful. 
L. Arzalier obtained both Kll 3 (S 04 ) 2 .iH 20 and KH 3 (S 04 ) 2 . 1 ^-H 20 , and when 
dried in an inert gas at 150°, both furnished the anhydrous salt, KH 3 (S 04 ) 2 . The 
variability of the water in the reported analyses of this salt also explains the differ- 
(iiices in the m.p, — 0. Schultz, 1)5° ; H. Lescoeur, 61°. The range of stability of 
NaH 3 (S 04)2 indicated in the diagrams, Figs. 47 and 48. 

\V. Spring ropovied soixio complexes— GNaK804.H2S^)^. H»H20, and 

5N’aHS04.H 3804, wliioh in vaevo dried to 6NaHS04.H 2804. Beigius also obtained 

solids coiTesponding with ^2804. 7112804, melting about 12 °; Na2804.8U 2SO4, inciting 
about 40 °; and K2804.GHaS04, melting about 55 °, J. Kendall and M. L. Land on found 
evidence (»f Li »804.7H.^804, melting at I 3 ’ 0 °, on the f.p. curve of the two constituents, 
and likewise also of 2Na^,804.9H _.804, which is unstable at the m.})., 40 °, and transitiem 
yioint^ to the lvv(» iiiodificatious of Ka2804.2H»S04 at 57 ° and 58 .J. d’xAns. tuV/r ttupra, 

also fomul evidence of 2Na ,81)4.0 H.,S04, W. Spring further reported crystals pf a complex 
2ICH804.3H2S04.:V5Ha0, or JV2SO4.4H28O4. 3 ‘ 511 .^ 0 , or Kall.XSOJs.a-SflaO, which may 
or may not be a mixture. 

K. Mifcsclierlich and 0. F. Uammclsberg prepared a series of double salts of 
litiiiuiu and sodium sulphates from a soln. containing equal mols. of the simple 
salts. Such a mixture first furnishes large rhombohedral crystals with the com- 
position of hexahydrated trisodium lithium disulphate, Na 3 Li(S 04 ) 2 . 6 ir 20 , and 
also of Na 4 Li 2 (S 04 ) 3 . 9 H 20 , followed by small crystals of disodium octolithium 
sulphate, Na 2 Li 3 (S 04 ) 5 . 2 H 20 . C. F. llammelsberg prepared small monoclinic 
crystals of dipotassium octolithium sulphate, K 2 Li 8 (S 04 ) 6 . 5 H 20 . J. Traubc also 
obtained ditrigonal pyramidal crystals of hydrated trisodium lithium disulphate 
with axial ratios a : 6*=1 : 0*9061 ; and, according to A. Johnson, of sp. gr. 2*009, 
and negative double refraction. J. Traubc and A. Scacchi obtained trigonal 
crystals of sodium lithium sulphate, NaLiS 04 , with axial ratios a : c==.-l : 0*5624, 
and a=^: 110 ° 54'. The cr^’^stals exhibited pyroelectrical phenomena ; and a positive 
double refraction. J. Traube also prepared hexagonal prisms or pyramids of 
potassium lithium sulphate, KLiS 04 , with axial ratio a : : 1*6755.* The salt 

was investigated by G. WyroiibofF, 6 . WulU, J. Traube, and J. Schabus. The 
crystals have a sp. gr. 2*393 ; they have a feeble negative double refraction ; and 
the indices of refraction, according to G. WuHf, are for the ordinary" and extra- 
: ordinary rays respectively 1*4697 and 1*4703 with the G-linc ; 1*4715 and 1*4721 
with the /Mine ; and 1*4759 and 1*4762 with the P-line. The crystals are optically 
active and exhibit right- and left-handed symmetry. (L Wulff and J. I’raube 
respectively found for plates 1 mm. thick and sodium light, the rotation of the 
plane of polarization 2*8°-3*0°, and 3*3°-”3*8°. E. Doumer found the optical 
refraction of the soln. to be /Jt=0*275, and the mol. refraction 126*3. 0. Spielrein 
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studied the conditions of equilibrium of mixed soln. of the component salts. 
G. WyrouboH prepared hexagonal pyraxmds of rubidium lithium sulphate, RbLiSC)^. 
with axial ratio a : : 1*6472 ; they have similar properties to the potassium salt. 

H. Rose 34 prepared crystala of jiripotassium SOmum sulphate, 3K2S04.Na2S()4, 
by melting together equal mols. of the two salts ; digesting the cold mass with 
hot water ; and cooling the liquid. Crystallization is attended by crystallo- 
Juminesconce. A similar result was obtained by melting together potassium 
sulphate and sodium chloride. J. H. Gladstone, E. Bandrowsky, A. Scacchi, 
0, F. Rammelsberg, K. von Hauer, J. Mahony, C. J. B. Karsten, and others have 

also worked on the formation of this 





Fro, 52.-- 'Equilibrium Conditions of Tomary 
System, KaS 04 - Na2804 - H^O, at 34". 


salt. F. W. Dupre 2)reparcd it by 
2)recif)itating the magnesia from soln. of 
kainitc, sylvinite, etc., and mixing the 
clear liquid with sodium chloride. On 
cva2>oration, crystals of thfi double sul- 
johate separate. According to F. Fenny, 
the so-called plate sulphate, formerly 
obtained from kelp, is this double salt. 
The term rjlascrite — after the alchemist 
C. Glaser (1664) — was applied by F. 
Hausmann (1847) to native potassium 
sulphate, found on the lava at V^esuvius, 
w^hich J. Smithson's analysis (1813) gave 
as containing 71*4 per cent of potassium 
sulpliate ; 18*6 |)er cent, of sodium 


.Sulphate ; 4*6 per cent, of sodium 
chloride, along with ammonimn, copi^er, and iron chlorides. I’Jio term glaserite 


is now applied to the double salt K3Na(S04)2, whose individualit}' was esiablish<al 
by J. If. van’t HolT. Double, sulphates containing other proportions of the con- 
stituent salts have been reported, but .1. 11. van't Jloff showed that it is possibh* 


to 2>repare a whole series of solid soln. in which the percentage amount of the (Con- 


tained 2)otassium sulphate varies between 78*6 and 61*8, and such salts are hence 
to be regarded as nipresenting one solid phase. According to B. (Jossner, the 
double salt crystallizes from soln. of the component sulphates (.ontaining 
Na^SO^ : K2SO4 in a ratio up to 1 : 2. The conditions have been worked out by 

J. it. van’t IIolT and co-workers. R. Nacken’s 


© equilibrium diagram of the ternary system 
K2SO4— Na2S04— H2O, at 34®, is indicated 
in Fig. 52. D represents a soln. sat. with 
sodium suli^hate ; E, potassium sul2)hate : 
F, mixed crystals and sodium sulphate ; 
and G, jootassium sulphate and glaserite ; 
between HFGl is the region of mixed crys- 
tals ; between IGB, glaserite. E. Janecke 
Fig. 53.- -(‘rystals of Glasc rito, Confirm R. Nacken's assumption 

E3 Nb(vS(J 4)2. " that a compound of sodium and potassium 

sulphates is formid in the solid state. 

The crystals of glaserite are trigonal or 2)seudo-trigonal (rnonoclinic) with 
axial ratio, according to B. Gossner, a : c==l : 1*2904, and a™87® 58'. The typical 
habit of the crystals with hexagonal symm(‘try is illustrated by Fig, 53 ; the first 
was prepared by W . 0. Blasdalc at 1(X)°, the second at 50®. This makes it easy to 
distinguish the crystals of the double salt from those of its components. B. Gossner 
gives for the sp. gr. 2*697 (15®) ; J. W, Retgers, 2‘695. According to F. Penny, 
100 parts of water at 103*5® dissolve 40'8 parts of the salt, which melts at a lower 
temp, than potassium sulphate, L. Dubrisay studied the temp, of complete 
miscibility of cone. soln. of potavssium and sodium sulphates. C. Spielrein 




689 


THB AI^KALJ METALS 


studied tlie conditions of equilibrium of mixed soln. of sodium and potassium 
sulphates. . , 

The ternary system LiCl— Li2S04— H2O has been studied by F. A. H. Schreine- 
makers and G. M. A. Kayser.®^ Mixed soln. of sodium sulphate and potassium 
chloride, and of potassium sulphate and sodium chloride, have been studied quali- 


tatively by F. Kudorff, C, J. B. Karsten, 
A. Levol, D, Page, and A. D. Keightley, 
and G. J. Mulder. The systems were studied 
by J. H. van’t Hoff and L. T. Reicher, who 
found that the component salts react, 
forming glaserite, so that 3KC1 
+ 2(Na2SO4.10H2O) ^ K3Na(S04)2 + 3NaCl 
+2OH2O. A soln. can be prepared sat. 
with respect to the four solid phases, 
glaserite, Glauber’s salt, potassium chloride, 
and sodium chloride, at the transition point 
All the salts indicated in the equa- 
tion, other than water, represent solid phases. 
As a result, one pair of the salts — ^potassiuni 
chloride and Glauber’s salt — can exist as 
solid phases in presence of the sat. soln. 
only below 3* 7*^, while above that temp., the 
other pair of salts — glaserite and sodium 
chloride — can ^ alone exist as solid phases. 
,If the temp, is above the f.p., and ice is 
accordingly excluded, nine univariant sys- 
tems, with tliree solid phases, are theoretically 
possible. W. Meyerhoffer and A. P. Saunders 
have studied this system in more detail, and 
the transition temp, was found to be 4*4®, 
not 3*7® ; they worked at 0°, 4*4®, 16®, and 
25® ; W. C. Blasdale followed up the work 
at 60®, 75®, and 100®. W. C. Blasdale’s 
experimental data for 0°, 26®, and 50® 
expressed in eq. mob. of the various salts 
per 1000 mols. of water, are plotted in 
Figs. 54 to 66, with respect to four axes 
representing the four component salts — 
K2CI2, Na2Cl2, Na2S04, and K2SO4 — and the 
various points are connected by straight 
lines, although these linos should probably bo 
curved. 

The diagram actually represents the 
horizontal projection of a solid figure. Any 
point on it may represent a number of soln. 
of different composition, but if perpendiculars 
are erected at the limitinglpoiiits and given 
lengths proportional to the total number of 
mols. present in the sat. soln. to which these 
points correspond, and if the ends of those 



perpendiculars are properly connected, any 

point which appears on the planes which limit the resulting solid figure can have a 
single definite value only. 

The diagram indicates the composition of all possible soln. which can be in 
equilibrium with the six different solid phases : viz, glaserite, Glaubor\s salt, sodium 
chloride, sodium sulphate, potassium chloride, and potassium sulphate. 

VOL. n. 2 Y 
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W. C. Blasdalo has applied these results to show what takes place during th.; 
fractional crystallization by the evapCration of soln. confining different pro- 
portions of the component salts — ^the separation of (i) sodium and potassium 
chlorides ; (ii) potassium chloride and sulphate ; (iii) potassium and sodium sulphat e'. : 
(iv) sodium sulphate and chloride ; and of (v) potassium salts from mixtures of 
sodium and potassium chlorides and sulphates. The results were then extcndi d 
to samples of desert brine. J. H. Hildebrand also showed how J. H. van’t Hoff .s 
results show the course of the fractional crystallization of sea-water containing 
magnesium, sodium, and potassium sulphates and chlorides. 


Tablk XL. — Composition of Satubatko Soj.otions jn KQiuvAnuNT Mols. pjck 1000 

Mons. op Watkk. 
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1 KCl and K3S04 
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KCl and NaCl 
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44*82 i 

28-61 


1 
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NaCl and Na2S04 . 
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51*93 1 



9*20 
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1*223 
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K2SO4, KCl, glaserite 

• i 

7*21 1 

42*36 


2-67 

1 *203 

M 

KCl, NaCl, glaserite 

1 

41*30 1 

27*01 

4*00 


1*254 
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NaCl, Na2KS04, glaserite . 

■ 1 

40*15 1 

14*58 

11*74 

— 

1*248 


B. Karanddeff found that the fusion curves of the system KF— K 2 SO 4 gave 
eutectics at 883° (41 mols. per cent, of potassium fluoride), and 788“ (83 mols. per 
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rent, of potassium fluoride). There is a maximum at 887® corresponding with the 
m.p. .of notassium fluosulphate, K2S()4.KF, which decomposes below 578®. 
R. P.Weimand and J. Alfaro prepared feebly doubly-refracting monoclinic sphenoidal , 
crystals of monohydrated tripotassium d^fluoromsulphate, K3H.S2O7F2.H2O, by 
evaporating soln. of potas>siura sulphate or hydrosulphate with 40 per cent. h}'drO" 
fluoric acid. H. Zirngiebl found the crystals to have the axial ratios a:h :c 
' ^I’OISO : 1 : 0*8218, and ^-~108'\39'. C. Paj)e*8 dipolassium sodium chloro^ 
sulphfUey K2S04.NaCl, wa^s probabty a mixture. 0. Ruff and W. Plato found that 
mixtures of sodium sulphate with sodium chloride or bromide give the V-fusion 
curvewith eutectics respectively at about 650® (46 mols.per cent, of sodium sulphate), 
and at 640® (38 mols. per cent, of sodium sulphate) ; while mixtures of potassium 
.sulphate with potassium chloride or iodide giv’^e the V-fusion curve with eutectics 
respectively at 720'^ (25 inols, per cent, potassium sulphate) and 670® (13 jiioIh. 
per cent. ])otassium sulphate), K. Janecke has conlinned these results. H, Rose 
obtained a traiispariuit mass during tlu^ absorption of sulj)hur trioxide bv potassium 
chloride, which, according to C. ScJmltz-Sollack, has the com])osition KCI.8SO3, 
and wjjich A. \V. Williamson and H. Schiff called pofossiv^u chlorosulphale. Accord- 
ing to S. Zinno, iodine reacts with potassium sulpiiilc, forming potassium iodo’ 
sulphair, K2SO3I2, in six-sided columns isoiiiorp)u)U>s with potassium sulphate. 
J. C. (1. de .Marignac obtained w^hat were thought to be trigonal crvstals of 
trisodium fluorosulphate, Na2S04.NaF, in the 
preparation of sodium fluoride with hydro- 


iluoric acid contaminated with sulphuric acid. 
The three-component system, NaOl— Na2S04 



^iO/OO 80 D 60 

0 ZO ^OH&CI 

Fie. r>7. — Tci-nury Syatena, NaCl — 
NajSOj— lIjO, at 26'’. 


-H2O, was investigated by W. Meyerhofler 
and A. P, Saunders during their study of the 
effect of foreign salts, when it was found that 
the change from Glauber’s salt to anhj drous 
sodium sulphate is reduced from 32*8® to 
17*9'*', when the licjxiid is sat. with sodium 
chloride. The system has also been studied 
by J. H. van't Hoff, A. W. Browne, A. Seidell, 
and by F. K. Cameron, J. M. Bell, and 
W. 0. Robinson. The general results at 25® 
are indicated in Fig, 57, which represents a 
, portion of the triangular diagram with Na2S04 
at the top apex, NaCl at the right apex, and H2O at the left apex. The curve AB 
represents the soln, in equilibrium with the solid phase Na2S04..K)H20 BC, vrith 1 
the solid phase Na2S04 ; and CD, with the solid phase NaCl. There is thus no 
sign of a doubl(3 salt. F. A. 11. Schreiaemakers and G. i\I. A. Kayser investigated 
the ternary system, Li2S04"~LiCl — H^O. 

J. C. G. de Marignac prepared monohydrated trisodium uitratosulphate, 
Na2SO4.NaNO3.H2O, by evaporating mixed soln. of the com])onent salts. The 
crystals were nionoolinic prisms corresponding with the mineral darapskitc which, 
according to A. Osann, have the axial ratios a : 6 : c==l*r)258 : 1 : 0*7514, and 
^—102® 25', and sp, gr. 2*203 ; A. de Schulten found the sp. gr. to bo 2*197. There 
is also the mineral nitroglauheritc , 2Na2SO4.6NaNO3.3H2O. J. G. de Marignac. 
also prepared dipotassium hydroiodatosulphate, KIISO4.KIO.,, in monoclinic 
prisms with the axial ratios a:b: c=-:l*9288 : 1 : 1*0346, and ^^^-93® 14'. Tlio 
compound was studied by G. S. Sorullas, N. A. K. Millon, and G. F. Ramnielsborg. 
The constitutional form^a was denoted respectively by C. W. Bloinstrand and 
C. Friedheim : 


O 
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§ 27. Ammonium Sulphates 

A. Libavius mentioned that crystals of a compound arc formed when 
urinm is treated with oil of vitriol, and the soln. evaporated. J. K. Glauber als<, 
made this salt by treating volatile alkali with sulphuric acid, and he point<‘d oui 
some of its modi(*inal uses. For a time this salt was known as s(d aimnoniucn nt 
sreretnm Glaube.ri. D. L. G. Karsten,^ M. Sage, L. Palmieri, and O, Popp fmjtid 
aininoniutn sulpliate occurring as mascagnite about volcanoes in the Jlssures n| 
lava, as at Vesuvius, Etna, and the Lipari Islands ; 0 . Schmidt aJid O. Popp, in 
the lioric acid fimio roles of Tuscany, etc. ; F. H. Storcr, in anthraedto (^oal ; t ic. 
S. IJ. Crenshaw found arniiumium sulphate in the hue dust of kilns, using Peunsy l 
vanian anthracite as fuel; A. Miintz and E. Laine, from the dry distillation ol 
turf; H. E. 0aq)cnt<3r and S. E. Linder, among the reaction j)roducts of Claus* 
kiln ; E. Berglund, among the products of the hydrolysis of iinidosulphoni( 
acid ; etc, 

Ammoniuju sulphate is produced when aqua ammonia, or ammonium carbonaC , 
is neutralized with sulphuric acid, a reaction studied by F. 0 . Hills, K. W. \Vallac(\ 
P. S. Brown, P. Spence, and T, Illingworth, etc. L. Afoncl treattnl aininonium 
chloride with sulphuric acid until all the hydrogen chloride was expelled, and then 
converted the resulting hydrosnl])haie, (NH4)HS04, with ammonia so as to convi'rt 
it into the normal sulphate. P. do Lachomette made it by the oxidation of ({lystab 
lized anuiioniuin sulphite ; and 11. H. Stephens, by treating p\itrefied arninoniri 
with calcium, sodium, or ferrous sulphate, or with alum. W. Leybold, K. Ziui|:(‘ll, 
O. Kamscli, JI. Ost, and many others have studied the preparation of airiinoniiiiu 
sulphate on a manufacturing scale. H. Jlamptd has described two continuous 
processes for manufacturing ammonium sulpluite from the sulpliat<\s of the 2>otassiiini 
salts available at Stassfuri, etc. The one process involves reactions whicli are 
illustrated bv the equation: K.>S04+Ca(N'()3)*>- 2KN03+C^*^^G4 ; CaSG^d-^NJly 
+C0.2+Il20---CaC03+(NH4)2S64 ; and Ca6(\4211N63==Ca(N03)o+C024 H2O. 
8viithetio animonia and nitric acid are utilized, and the by-product, potassium 
nitrate, Is more valuable than the ammonium sulpliate. The other pro(;ess is 
likewise illustrated by the equations: MgS044 ( ’^.Clo— MgCl2H’-f^aS04 ; ('JcSO.i 
[~2NH3 4CJ03+H20=-CaC03+(NH4)3S04 ; Ca(j03-h2HCl-(.‘aCl2+H20+CH)2 ; 

MgCl24;n20MgOH*2irCl. T). FL B. AV 4 ide has also discussed the manufacture of 
aniinoniuni sul]»hate from calcium sulphate, ammonia, and carbon dioxide. 
K. Nishizawa studied the equilibrium of the iive component system involving 
Na^S04, NaHS04, (Nll4)2S04, NH4HCO3, and HoO, at 15 *^, in order to find the 
best conditions for the manufacture of ammonium sulphate from sodium sulphate 
by the ammonia-soda jiroccss. He foimd for each 10 (X) grms. of water, 79*54 mols 
of Na2S04 and 134*2 mols of NH4HCO3 should be mixed, and there will be produced 
45*82 mols of Na, 20*90 mols of HCO3, 79*54 mols of SO4, and 134*2 mols of NH4 
per 1000 mols of water at 15 ^^. 

In W. Feld’s process, a mixture of hydrogen sulphide and ammonia is passed 
into aq. soln. of ammonium tri- and tetra-thionate whereby the polythionates 
are conv<^rted into tIuosul],hate : (NH4)2S3(l64 (NH4)2S===2(NH4)2S203 ; and 

(NH.4)2S40o-h(N[ 114)28 ""2(^114)2820348. The latter is treated with sfilphur 
dioxide and re-convortod into polytliionate, but double the amount is obtained as 
was originally employed : 2(NH4)2820843S02^(NTf4)2S80u-|-(NH4)2S40o. The 



is teitioved, and the sola, boiled whereby ammoaium 
sulphate, sulphur dioxide, and sulphur are produced : (NH4)2Sa05=^(NH4)2S04 
+SO2+S. The sulphur dioxide is utilised as indicated above, and likewise also 
the sulphur which is burnt to sulphur dioxide. The reactions have been studied 
by F. Kaschig. 

In 1781, Earl of Dundonald patented a process for the recovery of volatile 
alkali produced in the distillation of coal, but nothing came of it ; then followed, 
in 1837, the patent of G. D. Midgley and J. H. Kyan for the treatment of gas liquor 
for its ammonia. Ammonium sulphate was once prepared by saturating raw gas 
liquor directly with sulphuric acid until the yellow liquid had a milky appearance. 
The neutral soln. so formed was evaporated until the salt crystallized out. The 
product was generally yellow or grey, and sometimes red or blue. It contained 
other ammonium salts — ^sulphite, chloride, thiocyanate, etc. — as impurity. The 
impure sulphate had a much lower market value than a purer product, and the 
cost of the fuel required for the evaporation rendered the process not satisfactorily 
reniimcrative. The salt is now made by boiling ammoniacal soln. like gas liquor 
with lime, and passing the ammonia which is evolved into sulphuric acid. At first, 
the ammonia was generated in a simple boiler heated by a direct fire, but the wear 
of the boiler and scale produced by the formation of a hard in<‘Tustation of lime 
wore so troublesome that improvtijnonts were soon introduced. Among the first, 
was the use of steam for heating the still in which the ammonia was generated. 
Tile st(‘am was either blown directly into the liquor, or passed through coils placed 
in the liquor ; then a combination was so arranged that a boiler at a. higher level 
was heated by steam from a boiler at a 1 ow<t l<*vel. 'J'Jic volatile products were 
driven from the upj^cr boiler, and the lime treatment was (jonducted in the lower 
boiler. As soon as the Uijuid in the lower boiler was exhausted, it was run off, 
and the liquor from the upper boiler passed into tlic lower boiler, where it was 
treated with linu!. The upjier boiler was filled with fresh liquor, which was heated 
by the steam from the lower boiler. The cycle was repeated am^w. 

In modern continuous processes, based on the use of A. Coffey's still, the 
ajnmoniacal liquor is run into a superheater, where it is heated previous to entering 
the still. The hot liquor is mixed with lime and passed down a tower with tiers 
of chambers— Fig. 60. A strong current of steam is blown in at the bottom 
of the tower and passed upwards through perforated caps in tlu*. floor of each 
chamber. Fresh liquor enters at the top of the tower, and the exhausted liquor 
passes away at the bottom. The gases charged with ammonia fiass from the top 
of the tower and are led through sulphuric acid in the saturator, where the ammonia 
is absorbed. The unabsorbed carlion dioxide, hydrogen sulphide, etc., pass along 
to the sujierheatcr, where they give up a large })ortion of their heat. This heat is 
utilized to warm up the gas li([iior on its way to the tower. The gases may then 
pass on to the chimney, or they may be treated in an iron oxide purifier or in a 
Claus’ kiln. Tlio ammonium sulphate which crystallizes from the sat. sulphuric 
acid is allowed to drain. There are several different types of plant on the market — 
e.g. Savalle’s, Feldmanii's, (Iriineberg and Blum's, etc. 

The early analyses of K. Kirwan, and of J. J. Berzelius, translated into modern 
notation would be represented by (1^114)2804. H2O ; but later analyses by A. Tire, 
E. Mitscherlich, O. B. Kiihn, etc., indicate no water of crystallization. The 
commercial salt is light grey and may be guaranteed to contain at least 24 pen- cent, 
NH3; it connnonly contains a litth; more — say, 24'iiD to 24*75 per cent. NII3 — 
from 2 to 4 per cent, of moisture ; and from 0*15 to 0*4 per cent, of free sulidiuric. 
acid->' theory for (NH4)2804, 25*76 per cent. NH3, 74*24 p^er cent. II28O4. The 
salt is used as a fertilizer, and buyers stipulate that the salt shall be frtio froin 
cyanides which act cleleteriously on vegetable growths. When tlie colour is good, 
and the moisture low, the sulphate may be sold as “ white wlien the required 
minimum is 25*25 per cent. NH3. H. Fleck found samples of commercial crude 
ammonium sulphate with 0*5 grm. of arsenic per kilogram. 
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The properties of ammonium sulphate. — ^Ammonium sulphate can be ob^ 

tained in well-developed transparent crystals by evaporation in cold dry weathor 
under atm. press, of sat., not supersaturated, soln. The crystals belong to thf* 
rhombic system, and, according to E. Mitscherlich,* have the axial ratios a: b:c 
=:=0*5643 : 1 :0-731 ; or, according to A. B. 11. Tutton, 0 5635 : 1 :0’7319. Tlie 
crystals arc isomorphous with potassium sulphate, not only morphologically, but 
also in the continuous variation in the physical properties of mixed crystals as 
shown by G. AVyrouboff and E. Mallard for the optic axial angles, and by 
J. W. Retgers for the sp. gr. In the series of isomorphous alkali sulphat^^s, 
A. E. H. Tutton found ammonium sulphate to fall between rubidium and csesium 
sulphates with respect to solubility, mol. vol., refractive index, axial ratios, etc. 
A. Eock has also investigated the equilibrium conditions of the mixed crystab, 
with water, and found the composition of the soln. changed continuously with 
composition of the solid phase. A. Ogg and P. L. Hopwood have calculated tlu‘ 
dimensions of the unit rhomb of the crystals of ammonium sulphate from tlu^ 
X-radiograms, and found the lengths of the sides a, 6, c of the unit rhonil) 
to bo respectively 5‘951 X 10’*’® cm.; 10*!560xl0‘”® cm.; and 7*729X10'”'® cin. ; 
while the volume is 485*71 XlO""^^ cc. There are four mols. in the elementary 
cell. On comparison with the corresponding values for the isomorphic sulphates 
of potassium, rubidium, and coosium, and remembering that the replacement in 
the elementary cell of eight atoms of potassium by forty atoms of the four radical 
groups Nfl 4 causes no more distension of structure than if eight atoms of rubidium 
had replaced the eight atoms of potassium ; and the replaciement of eight atoms 
of potassium by eight atoms of egesium causes twice the distension produced b}' 
forty atoms of the form Nll 4 -radicles. Tills is taken as a conclusive proof against 
the theory of crystal structure based on the closest packing of the constituent 
atoms, and of their spheres of influence. 

The earliest determination of the specific gravity of ammonium sulphate is 
1*7676 by Ic citoyen J, H. Hassenfratz ® at Paris in 1798. The other published data 
range from 1*75 reported by JI. Buignet to 1*773 reported by H. G. F. Schroder. 
The best representative value must be near 1*7687, as reported by A. E, H. Tutton 
at 20'^ (water at 4'' unity). The mol. vol. by A. E. H. Tutton is 74*63 ; and 
P. A, Favre and G. A. Valson find the or/, volume of the salt is 37*4 c.c. W. Spring 
gives the following values for the sp. gr. of the salt at different temp, and for the 
volume assumed at different temp, by unit volume of the salt at 0° ; 

0® 10’’ 20*’ 40° 60° 80** 100° 

Sp.gr. . 1*7763 1*7748 1*7734 1*7703 J *7667 1*7617 1*7667 

Volumo . 1*000000 J *000846 1*001667 1*003391 1*006431 1*008289 J‘011191 

W. Spring found an anomalous change in the sp. gr. of ammonium sulphate by 
compression at 20,(X)0 atm., but J. Johnston and Ij, H. Adams could detect no 
(*hang<‘. at 12,CH)0 atm. provided the crystals are homogeneous and free from holes 
and cracks. A. Michel and L. Krafft * found the sp. gr. of aq. soln. sat. at 15"^ 
to be 1*248 ; A. E. II. Tutton gives 1*2030 for the sp. gr. at 20'^ of a 35 per cent, 
aq. soln. — water at 4'’ unity. H. Schiff found at 19*^ ; 

Per cent. 

(NH«)SO.. I 5 10 15 20 25 30 40 60 

Sp.gr. . 1 0057 1 0287 1-0575 1 0802 1-1149 1-1439 1-1724 1-2284 1-2890 

Mol. vol. . 57-2 68-4 60-3 62-3 64-1 67 -4 70-7 72-9 

The molecular volumes are by J. Traube, who also gave 74 5 for a 100 per cent, 
soln. J. A. Groslians has also .studied the mol. vol. of these soln. Further data 
were given by 0. A. Valson, S. do Lannoy, F. Kohlrausch, and R. Abegg, etc. 
P. A. Favre and C. A. Valson gave 1-0378 for the sp. gr. of a normal soln. at 20° ; 
and for the specific volume of a normal soln. at 0°, 15°, and 30", W. Lerchc gives 
I'OOOlKX), 1-(X)24I, and I'OOfiOl rc.spectively. 8. de Lannoy gave for the sp. vol. 
V of 4 per cent, soln,, when r,) is the sp. vol. of the soln. at 0", v— t’o(l— O‘O6OO480 
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-f0*00(XX)i645*) between 0® an(i 40®, and v«==V()(l '^0*0001069^+0*000003320*) 
between 40® and 82® ; for 12 per cent, soln., v=:r,Vo{l -0*00017230+0*0000028370*) 
between 0® and 40®, and 0*00018660 +0*000002480*) between 40® and 

85®; for 20 per cent. soln„ *-0*00024240 +0*000001720*) between 0® and 

82®; and for 60 per cent, soln., v=%(l —0 00020900+0*0000007520*) between 
0® and 93*7®. D. Dijken and A. Kanitz also made observations on the sp. 
vol. of soln. of ammonium sulphate ; and O. Pulvermacher on the sp. gr. of these 
soln. S. de Lannoy gave —5*1® for the temp, of maximum densi^ of a 4 per 
cent, soln., — 30*3® for a 12 per cent. soln. ; —70*4® for a 20 per cent. soln. ; and 
—178® for a 60 per cent. soln. P. A. Favre and C. A. Valson found that during 
the soln. of an eq. of ammonium sulj)hate in a litre of water, the water contracts 
27*3 c.o., and the contraction of the salt amounts to 101 c.c., so that the total con- 
traction is 37*4 c.c. H. Gilbault found that at 20®, w grms. of the salt dissolved 
in 100 w; grins, of water contracted such that if V denotes the volume of the soln., 
when vi is the volume of the water and that of the salt, Vi+t’ 2 — P—0* 1120, 
0*0836, 0*0583, and 0*0343, when w is respectively 10, 20, 30, and 40. The subject 
is also discussed by W. Ostwald and M. Kogow. 

According to W. Spring,® after subjecting ammonium sulphate to a press, of 
20,000 atm. for three weeks the press, fell from 1*773 (20"^) to 1*750 (22®) ; and after 
a repetition of the treatment the sp. gr. was 1*760 (22®). W. C. Rontgen and 
J. Schneider give 0*741 and 0*853 for the relative compressibility of a soln. of a 
mol. of the salt in 1,500 and 700 rnols. of water rcsjiectively ; and for the relative 
mol. compressibilitj' 0*808 and 0*887 resjiectively. P. G. Tait also measured the 
compressibility of soln, of ammoniufu sulphate. If. Gilbault found that if a denotes 
the quotient : mol. of ammonium sulpliate by mol. of water; 1) the sp. gr. of the 
soln. at 20® (water at 4® unity) ; k is the mean, and j8 the mol. compressibility, 
then for w per cent, soln. at 20® the value of (log k)Dfa is nearly 

constant. 
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Water with ammonium sulphate in soln. has a smaller sp, vol, than water. 
Prom V. G. Tait’s measureinents of the press, necessary to produce a corresponding 
contraction in the sp. vol. of water, G. Tammann calculated that the increase in 
the internal press. P atjn. of water produced by the dissolution of the salt ex- 
pressed in grams of salt per KX) grms. of water, is as follows : 


Grin, salt 

Internal press, hl\ at 10® 
„ 15 ® 

» 30 " 


3-34 

6-78 

14-0 

30-19 

243 

448 

759 

H68 

260 

455 

766 

_ 

247 

436 

732 

— 


C. A. Valson gave 59*7 mm. for the capillary rise in a tube 0*5 mm. diameter at 
20®. The surface tensions of a mol. of the salt in 1500 and 700 mols. of water may 
be regarded as proportional to the product of the capillary rise and sp. gr., and 
they were given by W. C. Rontgen and J. Schneider as 116*91 and 113*99 respectively. 
IT. Sentis has also studied the surface timsion of ammonium sulphate soln. C. Porch 
found the surface tension cr (mgrm. per mm.) of soln. at 0® containing rw—half a 
mol. per litre : 
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A. Kanitz ^ave the viscosity of N-, IN-, JA"-, and JA^-soln. as respectively 11 U L 
1*^552, 1*0302, and 10148 (water unity). A. Kanitz also lueasiued the viseusitv 
of soln. of aninioiiium sulphate mixed with potassium or aluminium sulphalr. 
Jv. Abegi^ and (). Pulvermacher have also studied the vis(‘.osit\' of soln. of this sn,lt. 
T, Graham found that in 24 hrs. ()‘0389 grm. diffused fro]n an ap})roxim<it(‘i\ 
normal soln. into water — J. IL Long found ()*()482 grm. J. H. Long also tound 
the velocity o£ diffusion, i.e. the relative iiumber of mols. wliicli diffused from 
normal soln. in a day, to bo 724. 

The coefficient of thermal expansion of the solid salt can he computed Irom 
W. Spring’s data indicated al)0ve, and A. de Lannov found for 4 ])e.r cent. soln. 
at r){y\ 0*0004374; at 100^ 0-0007009 ; for 12 per‘cent. soln.. 0 ( )(J0434 at 50' , 
and ()'()n0f)82 at lUO*^ ; for 20 ])or cent, soln., (>'000114 at 50 ’, and O’O0058(I at 
1()0" ; and for 50 per cent, soln,, 0*000314 at 50^’, and U'OOOllO at TOO \ lie ai^o 
represents his results by a formula of the type v-='eo(l as indieaOMl 

al)ove. G. Taminann’s value for the specific heat of the. solid salt is 34 Cals, per 
mol. J. 0. G. do Marignac givtis for the sp. lit. of soln. (Nll.i)2S04d*/diw(> at J9‘5l . 

H , . . J5 25 50 100 200 

Sp lit. . . 0-73K5 0*8030 0'8789 0*9930 0*9033 

Mol. ht. . . 297 476*3 907 1802 3595 

(J. 4’aminann, A. Winkolmann, and ,1. Thomsen also give values for this constant. 

According to R. F. Marchand,® the melting point of ammonium sulj)hate is 
ItO""; but this is wrong, for it really referred to the hydrosulphate; at 2SU'' the 
salt is said to begin to vaporize, and at the same time* to be decomposed with the 
formation of some nitrogen and of ammonium sulphite. On a gradually rising 
temp., W. Smith hmnd that the evolution of ammonia could bo detected between 
120'' and 125'’, and in some cases at as low a temp, as 80"^ It. .R(jik says tliat the 
sublimation in vacuo as well as at ordinary temp, is attended by a transformation 
of the sjilt into the liydro.saI])hate, (Nir4)lJS04, W. Sjnith sliowed that the observed 
fusion is nol due to tlu^ molting of the normal sulphate, for this salt does not melt 
but passes into the liydrosul[)hate, and a very ]>urc Jiydrosulphatc ( an b(*. obtaiiusl 
])y heating the normal sulphate to about 320" in a "jdatimim dish. Ammonia is 
first evolved, and as the temp, rises, ammonium sulphites are f<uni(ul, and Jinally 
ammoiiia, sulphurous oxide, water, and nitrogen escape. The residim left behind 
<m cooling is almost pure NJ 14118^4. At the higluu* temp., the ammonia mol. 
and that of sulphur trioxide juutually dccomjjosc each other, forming nitrogen, 
sulphur dioxid(% and water. However, ammonium sulphate at this high temp. 
dccomp(3ses, so that the hydrosulphate remains as a residue. P. Schweitzer believed 
tliat the hydrosuljihate is formed wlicn normal ammonium sulphate is heated, 
and at a higher tem{>. he 8uj)po.sed tliat tlie product is dianmi^mium Uirahydro- 
trisulphMi% (N.H^o 114(804)3, while at a rather lower temp., tcir(vmmonium dthydro- 
Irisidpliale, 14)4^^^2(804)3, is formed. 8. W. Johnson and It. 11. Chittenden 
appear to regard these salts as mixtures ot ammonium hydrosuljjhate and pyro- 
su]]>}]ate. If. Sidiulze foujid tliat the pyrosulphatt.'s is formed by a prulongtsl 
heating between 250'^ and 300". F. Jiinccke obtained 251° for the m.p. of t.lie 
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hydrosulphate, and 357® for the siinuitaneous melting and decbmp^osition of the 
normal salt imdf3r atm. press. Owing to the decomposition of the normal sulphate 
in Open tubes, it is impossible to determine the m.p. under these conditions. 6* Bartha 
observed that ammonium sulphate decomposes at 200'^ in vacuo before volati- 
lizing. C. Caspar obtained with an open tube a softening of amiuoriiuin sulphate 
at 310®, a melting at 33b^*-'339‘^, and a decomposition at 355'' ; and with a closed 
tube, a softening at about 360^, and a melting at 417''-423'\ The m.p. is probably 
much higher than is usually supposed l)ecaiise J. Koiuiall and M. L. Landon did not 
succeed in melting the normal salt in a sealed tube at the b.p. of sulphur — about 
445"^ — but J. Kendall and A. W. Davidson found that in a (doscid tube, und(ir an 
ammonia press, greater than atmospluiric, the salt begins to soften at 490', and 
melts at 513° ±2^, It is a unique exaTiiple in inorganic cJieniistry, of a siil[d)ate 
with a m.p. below that of the corresponding chloride, which juelts at 550° under a 
press, of approxijuately 06 atm. Usually tlic chlorides melt at a lowi‘.r temp. tJian 
the sulphates. 

G. T. Gerlach measured the boiling points of sohi. of different cone with 15*1, 
5S*0, and 115-3 grms. of salt per 100 grms. of water, tJic b.p. are ioU', 104 \ 
and 108‘2° respective! ; at 108*2"' the .solid phase is (x\iri^)2Sf >4. I'liis subject 
has also been invcstigate<l by »S. M. Joluiston. C. ilaiignon and F. Meyer found 
the ]>.p. of a sat. soln. of amnioniuni sulpliate is 1U8‘9\ ami the soln. contains 
3*922 inols. per lOlM) grms. ; and a soln. sat. with both sodium and aimuonium 
sulphates boils at 111°, and contains 1*125 mols. of the former salt, and 3175 mol.s. 
of the latter per KKK) grms. of soln. H. Lescocur's value for the maximum vapour 
pressure of a sat, soln. is 11*8 mm. at 20°. F. M. Kaoult found the lowering of the 
vap. ])ress, of a 1 per cent. soln. to bo 0*230x7*6 ; and G. Tammann, for the Joworing 
of the vap. ])ress. of soln. of dillerent cone, at fliilcrent temp. Soln. witli 5*18, 
43*53, a)id 79*95 grms. of salt ])er l(Hj grjris. of water, at 100°, lowered the vap. 
press. 8*4, 75*9, and 141*0 mm. n^spectively. 8oln. with 13*93 and 40*91 grms. of 
salt in ItK) grms. of water [(►were.d the vap. j)ress. of waOu* : 


32“ 

r.:j" 

f.7“ 76:r 
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93^' 

lOP 
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5*2 
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at. soln. 

of tlie J 

salt, containing 


02*2 grms, of salt in 1(K) grjns. of water, is —19 05° ; and, acconling to F. Guthrie, 
when soln. of dillerent cone, are cooled, the solid [)hase. separating at different 
temp, is as follows : 

Per cent. (NR 4 ) 2 S 04 . 10 20 40 4J *7 41*9 43*2 

Soparatiou at . . —2*0^ — O-O'’ —16'’ —17’*' 0’ 19*0 

Solid phase . . ico Eutoi.tk* (.Vil4).2804 

The lowering of tlie f.p. of water l)v the dissolution of the salt lias been investigated 
by L. V, de (Moppet, F. KUdortf, F, *M, Kaoult, and by H. U. J ones and liis co- workers. 
A grain of the salt in 1(K) c.c. of water lowers the f.p. ()'27() ' (L. C. de Uoppet), 0*269° 
(F. Rudorff), and F. M. Baoult gives the lowering of the f.p. of a 1 per cent. soln. 
iis 0*273°, and he gives tlie mol. lowering of the f.p. as 37*0°, when L. (\ de (V>p|)et 
gives 36*4°. H. C. Jones and C, G. Carroll measured the elTcct of ainmonimn 
Bulphatc on the f.j). of soln. of hydrogen peroxide and found the depression of th<‘ 
f.p. to be smaller than with water ; and it was therefore assunuxl that a complex 
is formed by hydrogen peroxide and ammonium .suljJuite. 

M. Berthclofs ^ value for the heat of formation of amn)onium sulphate. 
(NH4)2S04soiid+2NJJ3sraa~(NH4)oS04-bb7’6 Cals. J. Thomsen gives ()r>’25 Cats. 
The former also gives 2Nll3aq+Il2S04a(] ^-^-29*06 (hih., and the lattor, 29 (Mi (/als. 
The rise in the thermal value of the reaction, S03.2(JOH2(^ j ^XJUDll ^OOHjjO 
^(NlT4).>S()4.4()]U2t) I 27 * 79 0*0690, w'here 0 denotes tlu^ t;CiJi[>. The hoat of 
neutralization of a mol. of ammonia with an eq. amount of suljjhnric acid, is 1 1* I Cals. 
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(J. TliomRcn), 14-5 Cals. (M. Berthelot). J. Thomsen gives —2*37 Cals, for the 
heat of solution of a mol. of the salt in 400 mols. of water at 18®, and in 200 mols 
of water, —2*33 Cals. The heat Of dilution of a soln. of a mol. of tlie salt in 10 mols. 
of water with n more mols. of w’ater, according to J. Thomsen, is —0*253 Cal. wlien 
30; —0*437 Cal. wdieii ?i=rj0 ; ~-()*632 Cal. wdien >^=100; and —0*750 Val. 
wlien ti--2(X), M. Bertholot gives — 2*7 C-als. for the heat of soln. of one part of 
the salt in 50 to J(K) ])art8 of w'ater. According to C. M, van Deventer hikI 
H. J. van de Stadt, the heat of soln. of a mol. in 200 mols. of water is > “.‘>*3 Cals., 
the thooretl(‘al heat of soln. is — 1*5 Cals., and the integral heat of soln., — 1*3 Cals. ; 
P. A. Pavre and C. A. Valson give the heat of soln. of a grain-eq. of the sail in a 
litTC of Avater at 19*05® as — 0-979 Cal., af. 24*20®, —0*930 f^al., and at 28* 1' , -0 990 
Cal. TJio heat of soln. of a gram-eq. of the salt in 147 gram-eq. of Avater is 0*981 
Cal. ; if the Avater contains an eq. of sulphuric acid, —1*977 Cals. ; and if (ivc^ 
eq. of this acid, —2*471 Cals. ; if one eq. of liydrochloric acid, —3*051. Cals., and 
if five eq., --3*071 Cals. P. Cliroustschoil studied the lieat of soln. of ammonium 
sul))hate in soln. of potassium chloride. AI. Berthclot and P. A. h"aAO‘e and 
(\ Valson have studied the behaviour of mixtures of ammonium sulphate witli 
otlua* salt soln. — potassium nitrate, chkn'ide, carbonate and hydrocarboiiate, and 
sodium diborate, for instance, 2(NH4).>8(>4 -(-KNO.^~ - -O lOl f/al. ; KCl - t) 000 ('al. ; 

;il8 C^als.; iarC0,3 --- 0* 12 Cal.; ANaolVlr— 2*25 (his.; iBaCL 
—•3*279 Cals. AI. Berthelot says tliat C. H. Hess's law of thermo-neutrality is nf)t 
clear Avith ammonium sulphate. P. A. Pavre lias also nuMsured the lieat of roaet iuii 
of ammonium sulpliate and barium chloride. 

AI. Krofejelf® found the refractive indices of ammonium sulphate', for lithium 
and sodium liuht for vibrations parallel to all three axes; and A. K. H. Tut ton 
found for the a. /3, and y indices of refraction, where the vibrations are n'S])e(‘tively 
parallel to the r. &, a axes, at ordinary tern])., say 15® : 




C-Iiuc. 

Na-Viwo,. 

7Y-UI10. 

/'-Hqo. 

C-lim*. 

(a-indox 

l-.7i77 

1-5182 

1 '5209 

1 '5237 

1 '5370 

1-53 18 

] 5°| /^-index 

1 y-indox 

i-r)iou 

1 -5204 

1 *5230 

1 *5258 

1 -520] 

1 -5340 

1 am)? 

1 -5302 

1 -5330 

I •:>359 

1 '5394 

J -5445 

[a3nd(xx 

1 -5 ( 40 

1*5151 

1-5178 

1 -5200 

1-5239 

1 -5.387 

sO^s^-index 

1-5174 

1-5170 

1-5205 

1 '523;j 

J *5200 

1 5315 


1 *5258 

1-5203 

1 -529 1 

1 *.‘>320 

1 -5355 

1'5100 

Tlie mean refractive inde: 

s: of all these value 

s is J'52.' 

')0 ; and 

the. S-iml' 

(;x, corroded 

for vactium in terms of tlie waA’e 

-lengtli A, is 


sidr 

i:J(; X 10® A“^. 


For the a-index use 1-5072 in j)la(‘e <d J*5094, and for ihe y-index use 1*5194 in 
jrlace of 1*5094. All the indices diminish with a rise of temp., but not equally, 
for tlie /3-indcx moves rclativcdy nearer to the y-indox. There is also a diminution 
in the total amount of the double refraction such that y- a for Xa-light decreases 
from 0*0121 at 15®. lo 0*0113 at 8(r. The specific refraction ]»y II. A. Lorenz 
and L. Loreniz's Jorniiila for the tliroe morjiliological axes o, />, and a are 
respectively 0*1718, 0*1721, and 0*1715 for the C-line, and for the (Aline, 0*1787, 
0*1759, and O' 1753 ; tlj(' coiTespoiiding specific dispcrsions are respectively 0 (X)39, 
0 (H) 38 , and o*(K):]8; und the molecular dispersions 0*52, 0*49. "and 0*49. 'rhe 
molecular refractions by J, II. Gladstone and Dale's fonnula for the (J lim; are 
respectivelA^ 39’()U, 38*87, and 38*70— mean, 39*00. K, Doumer giv^es 0*325 for the 
rel‘ra(‘tion of*dil. soln., and 42*9 for the mol. refraction, fh A. Valson, .1). Dijken, 
and J. H Gladstone liavc measured the indices of refraction of normal soln. ; and 
A. E. H. TiiU-oti gave for soln. Avitli 35, 40*35, and 40‘64 respectively of sp. gr. 
1*2030, 1-2334, ami 1*2339 at 20® (water at 4® unity), the mean mol. refractions 
39*71, 39*53, and 39* 75 respectively. The mean refraction of the salt in atp soln. 
is tlKU’efon^ 39*()7, that is, 0-(>l more than for the crystals themselves. 0. Pulvor- 
]uach(‘r made some measunmumts of the ndraetive index of uij. soln. W . H. Perkin 
found ihe mol. magnetic rotatory power for a 40 per cent. soln. at 18" to bo 4*98®. 

According to \\ . Jlisinger and J. .T. Berzelius,^* an a(|. soln. of ainmoninm 
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, sulphate is decomposed by electrolysis, hydrogen and ammonia appear at tlic 
catliode, and ferric sulphate, and later oxygen, at the iron anode. E. JBourgoin 
found no free nitrogen is formed. For the formation of pcrsulphates, vide ammo- 
nium persulphate. The decomposition potential of a iV-soln. with platinum 
electrodes is found by M. le Blanc to be 2*11 volts — i.e. about 0*1 volt less than 
that of the potassium or sodium salts. Measurementvs of the electrical conductivity^ 
A, of aq. soln. of ammonium sulphate have been made by F. Kolilrausrh, E. Klein, 
S. Arrhenius, J. H. Long, R. Lenz, S. M. Johnston, etc. For soln. with a mol, 
of the salt in v litres of water. H. C. Jones and E. Mackay found at 25° : 

V ... 0-8751 :i'50 17-50 87 51 350 0 1750 

A ... 124-7 161-2 198-5 235-3 200-9 275-1 

F. Kolilrauscli’s values for the temp, coefl. of the conductivity of 5, lU, 20, and 50 
per cent. soln. at 15'" are 0 0215, 0*0203, 0*0193, and 0 0191 repectivcly. G. Boizard 
has investigated the conductivity of mixed soln. of amiiioihum sulphate and dil. 
sulpliuric acid. If A denotes the conductivity of the soln. A' that of the solvent, 
for a one per cent. soln. of ammonium sulphate, the ratio A/A' is a minimum 0’9G4 
with 88 per cent, of sulphuric acid, and it rises continuously with an increasing 
dilution until with 15 per cent, sulphuric acid, the ratio is unity. For soln. with 
more than 3 ])er cent, sulphuric acid, the dillercnce in the conductivities is })ropor- 
tional to the cone, of the ammonium sulphate, but with over 2 cent, of this 
salt, the change in conductivity is less marked. In 2 per cent, sulphuric acid, a 
cone. soln. of ammonium sulphate conducts better, and a dil. soln. worse, than the 
solvent. If loss than one per cent, of sulphuric acid the conductivity is always 
better than that of the solvent. With soln. containing 25 to 95 per cent, of sulphui'ic 
acid, the ratio A/A' with rising temp, approaches unity, and tho soln. containing 
0 to 0*0 and 3 to 25 jrer cent, of acid, the converse change occurs, and with soln. 
containing between (J'6 and 3 per cent, acid, both actions can be observed. The 
degree of ionization of the salt in aq. soln. has not been determined exactly. The 
ionization proceeds in stages : (NH 4 ) 2 S 04 v^Nll 4 S 0 ' 4 +^^lI* 4 > followed by 

Nf[ 4 SO' 4 v~fiO" 4 +NH' 4 , and unless the first stage be completed, the calculation 
cannot easily be inade. From the conductivity and f.j). measurements of a normal 
soil!.. S. Arrhenius calculated for tbe ternary ionization, (N 114 ) 2 S 04 ;f^ 2 KH* 4 -[-^^G" 4 , 
the value 2*17 for J. 11. van't Hoffs factor but the result is not probable, 
H. Koppe calculated 2*00 for^the iV-soln. from his osmotic measurements. The 
effect of additions of non-conductors to the soln. was studied by S. Arrhenius. 
The d<igrec of ionization with a y^iV-soln., at 25°, is 0*0185 with methyl alcohol ; 
0*0249 with oth} ! alcohol ; 0*0267 with isopropyl alcohol ; 0*0212 with ether ; 
and 0*0171 with acetone. 

il. C. Debbits noted that the aq. soln. loses ammonia on boiling as it docs at 
ordinary temp., as is shown by leading a stream of purified hydrogen thiougli a 
cone, soln, ; according to A, R. Leeds, the dissociation is also shown l^y the aq. 
soln. at r)0’5° reacting acid, the vapour alkaline. H. C. Debbits found that the 
presence of salts in the solu. —potassium and sodium salts as well as calcium and 
strontium chlorides— increases tho quantity of volatilized ammonia. A. Naumanu 
and A. Rucker found the hydrolysis of soln. of ammonium sulphate to bo very 
small at ordinary temp,, but on warming, the soln. becoJiies acid ; they calculate 
the degree of hydrolysis at the b.j). of mV-soIn. of ammonium sulphate to be : 

n ... JiV- iiV- xV- 2.V- 

Hydrolysis . . 0-688 0463 0-413 0*398 0-342 0 230 0 191 

This is greater than that of the chloride or bromide. In consequence, it is better 
to titrate ammoniacal soln, witli hydrochloric than with sulphuric acid. 0. Briick 
studied the hydrolysis of boiling soln. of ammonium chloride. 

A. Vogel, (J., J, Mulder, K. von Hauer, A. E. H. Tutton, and M. Alluard have 
measured the solubility of this salt in water. L. C. de Coppet's and F. Guthrie’s 
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values for sulii. bcJoAv O'" have been indicated above; the eutectic is at 
with ;i8’ 1 j>cr cent, of tJie salt. G. J. Mulder s values for the solubility are : 

0 ^ 10 ” 20 ” 30 ” 40 ” 60 ° 80 ” lOo" 

Frr rent, salt 41*4 42‘2 4,3*0 43‘8 44*8 4G*8 48*8 50-8 

1Mie Jeterininations at tJie higher temp, are not so reliable on account of the ios., 
(»{ aiuuionia by Jiydrolysis ; the sat. soln. boils at There is an un.staMe 

.30 4 per cent. soln. at — with ice as the solid phase. The nonual sulplial.c, 
(NH4)2S04, is the solid phase between 0^ and 100^. According to C. M. van ]Jcv(;ntcr 
and II. J. van de Stadt, the increase in cone, per degree is ()*()7 ; and the relati\i- 
increase in cone, per degree is 0 * 0 {) 35 . V\ RiidorS ha.s studied the clYect of mannrxinni 
rhioridr, poiassitun, copper, or zi^ic sulphate on the solubility of ainnioniuni siil])hat(‘ . 
aial A. Koclc lias studied the solubility of mixed crystals of ainmonium and potas^iuitj 
su][dia(es a1 dillVrcnt temp. H. Giraiid says the salt is easily soluble in sat. loj, 
auifnoiiia. 

R. Willstiitter found that a soln. of ammonium sulphate in 30 per cent, hydrogen 
peroxide fumislios transparent plates and prisms of (Nn4)2S04.Ii202. The crystals 
decoinjH)so slowly in air and smell of ozone, tliey also decompose rapidly in vacuo. 
They arc fairly stable in (‘Josed vessels, and if warmed under reduced pr(‘ss., highi}' 
cone, hydrogtm peroxide is o])taiiiod. Ammonium sulphate*, said J. T. Slu'ard, 
absorbs moisture from a damji atm. to an unlimited extent, whether it contains 
free acid or not ; and both acid and neutral samples which have absorbed moisture 
'’set to a hard cake when dried, 

E. V. Autliun found aimuonium sulphate to be insoluble in absolute akohol^ 
while aleoliol of sp. gr. 0‘872 dissolves 0*2 gnu. of tlie salt, and in more dil. aicoliul 
the salt is more solal)le. , 1 . J, Poll) olitained au analogous result. J. Traube and 
O, Neuberg found that with mixtures of alcohol and water, the srJn. separates into 
two la^tus with (icrtain couc. — cp. with aleoliol witli a sj). gr. over O-be'TioO at 15 ° — 
in tlni lower mp layer, the mol. ratio of the three components is approximately 
constant, indicating that a definite (MuujKjund is prof)abIy formed. Those solu. 
have l)een studied l^y (b BodJiinder, F. A. 11 . Schreinemakors, and C. A. L. de Bruyn. 
'.riiis phenomenon, layer separation, has also been observed with lithium sulphate ni 
alcohobwater soln. 0 . E. Linobarger found the solubility in aq‘ isopropyl alcohol 
at 2 d° to l)e ()‘ 4 , 2 ’ 0 , and 6*7 grins. (^114)2804 per lUO grms. of soln. in the presence 
of 70 , 50 , and 20 per cent, of C3H7OH. W. Erdmann found ammonium suljihate 
to be insoluble in acetone. 

On account of the conversion of normal ammonium sulphate into the hydros iilphatc 
l)y the loss of ammonia, (NH4)2S04=NJJ34* (JNH4)HS04, W. Smith has emphasized 
the fact tliat many of the reactions attributed to the normal sulphate really refer 

the hydrosulphatc. Vot instance, K. Stammer says that the rod-hot sulphate 
is nidiiced to tic? normal sul])hitc, by carbon monoxide ; \V. R. E. llodgkinsou 
and N. E. Bellairs found that if luxated over the m.p., coppcr furnishes ammonia 
and liydrogD.n, but if the temp, be below* cupric suljihate, water, and ammonium 
sul])]iiie arc formed. Nickel a.nd cobalt aijt similarly, but less liydrogen, and 
more sulphite are formed. Witli silver, silver sulphate is formed, and silver dis- 
solves more readily in fused ammonium sulphate than in suljdiuric acid, mi account 
of the solubility of siJv(u* sulpliate in tlie fused ajunionium sulphate. Palladium 
gives a double ‘salt palladium ainmonium sulphate; K. 8oubeiran found that 
wJieu licatcd with potassium chlorate, ammonium sulphate decomposes with 
iucandes( e]u (\ forming chlorine, chlorine oxide, nitrogen, and oxygen ; and 
If. 'I'ommasi that when a little aminonium sulphate is added to fused potassium 
nitrite a vigorous reaction occurs a tt ended by a ))iirple flame, and potassium sulphate, 
ammonia, nitrogen oxide, and ]>o.ssibly nitrogen are formed. According to 
A. Emmerling, and E. R. Moritz, a liut or cold soln. of potassium nitrite and acetic 
acid decompose ammonium sulphate liberating free nitrogen. According to 
(t. Lunge and W. Abenius,ii and A. A. Hayes, uitrosyl-sulphuric acid, nitric acid, or 
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nitrous acid, or nitric oxide can bo romoved from sulplmric acid by Jieatijig the 
acid with ammonium sulphate — nitrogen or nitrous oxide is formed. M. Delopine 
found that if . finely -divided platinum be heated with sulphuric acid containing 
ammonium sulphate, nitrogen is given off : (NH4)2S()4+2H2S04— H2SO4 

4-2NH4HS04™3S()2‘h6H20+N2. The weight of the platinum does not change 
perceptibly, provided enough of tlie ammonium salt bo present. The platinum is 
sai<l to act by forming a sulphate 4H2S()4+I*t — J/t{S()4)o+2S()2+IJi9f) ; followed 
by 3rt(S04)2 l“2(NH4)oS04-:2N2+3Pt+8H2S04. M. Delepine has also studied 
the effect of ammouiuni sulphate on platinum and iridium salts. According to 
A. B. Prescott, crystals of ammonium sulphate furnish about 10*2 per cent, of 
chloride when a gram is evaporated to dryness on a water-bath with 4*1)35 grms. of 
hydrochloric acid with 1*251 grms. of llCl. According to 11. .1. Kane, sulphuric, 
nitric, and hydrochloric acids convert normal ammonium sul])Iiate iii soln. into 
1 lie liydrosiilphate. J. W. Thomas studied the absorption of hydrogen chloride by 
soln. of ammonium sulphate. 1 leat is developed by mixing ammonium sulphate soln. 
witli alkali-lye, thus M. Berthelot found with eq. quantities of ajnmoniiim sulphate and 
potassium hydroxide, 1 3*1 Cals, an^ evolved, and with sodium hydroxide, 125 Cals. 
II. S(diulzc obtained the jiyrosulphate, (NH4)2S2k)7, by heating ammojuum sulphate 
with an excess of sulphur trioxide. According to H. Ivose, powdered ammonium 
sulphate absorbs sulphur trioxide slowly at ordinary tern])., and the procluc.t fuses 
at a slightly elevated temp., and when heated still higli‘*r it decomposes. R. Weber 
found that ammonium sulphate dissolves in an excess of sulphur trioxide, forming 
the so-called ammonium ociosulphate, (NH4)20.8S03, or ammonium hcpUi^ulfhato^. 
sulphate^ (Nll4)2H04.7»S03. According to W. Spring, by distilling ainnionium 
sulphate with phosphorus pentasulphide, some ammonium thiosulpliate and a 
little polysulphide and trithiojiate are formed. R. F. Marchaud noted that fused 
ammonium sulphate attacks glass. W. Watson found oxalic acid is inuuediatoly 
decomposed by fused ammonium hydrosulphate with the evolution of carboji 
monoxide and dioxide. The precipitation of albumen from its aq. soJn. by anmionium 
sul{>l)ate has been studied by A. llensius and E. Kander. 

Normal ammonium sulphate is used in preparing ammonia and the ammonium 
salts ; it is used as a fertilizer ; it has been used in purifying sulphuric acid from 
nitrogen oxy-compounds ; in the fermentation industrie>s ; and in making freezing 
mixtures. 

Ammonium hydrosulphate, (NIl4)HS()4,-' Tliis salt is also called amtHoniwm 
acid sulphate, ammonium hydrogen sul^diaU, or ammonium hisulphate. The 
crystallization of a neutral soln. of ammonium sulphate furnishes the same salt 
unchanged, but, as showji by H. Lescamr, if the soln. contains sulplmric acid, 
crystals of ammonium hydrosulphate, (NU4)HS04, are formed. The hydrosulphate 
is obtained by dissolving normal ammonium sulphate in liot cone, sulplmric acid, 
crystals of the hydrosulphate are dej^osiied on cooling. The mixing of soln. of one 
eq, each in two litres of water was found by il. Bcrtheh)t to be attended by the 
absorption of 0*1)3 Oal. 11 . Bach observed a heat absorption of 11 Cals, 
E. Mitsidjorlich obtained thin plates belonging to the mono(^linic system by treating 
a soln. of neutral salt with sulphuric acid. The composition corresponded with 
triammonium hydrodisulphate, (NH4)oS04.(Nll4)HS04. or (NH4)3ll{S(>4)2, the 
crystals were not deliquescent. The crystal cojistants were measured by 
J. C, G*. de Marigfiac. H. Schiff repeated E. Mitsclierlich’s experiments, and 
obtained only the primary, that is, the hydro-sulphate ; S. W. Johnson and 
R. H. Chittenden also deny the existence of this salt. Cl. (’. A. van ])orp ajid 
J. d’Ans have investigated the equilibrium condition in the ternary system, ammo- 
nium sulphate, sulphuric acid, and water, at 30°, and found that three* solid phases 
exist in e((uilibrium with soln. of the components in different cono. The curve, 
Bh\ Fig. 58, represents soln. in equilibrium with the solid normal sulphate, 
(NH4)2S04 ; EF, a like curve for the solid, 3(^14)2804.112804, that is, (Nll4)3H(804)2» 
triammonium hydrosulphate ; FG, for the solid Jiydrosuljihate, (NH4)HS04 ; 
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GH, for ammonium trihydrosulphate, (NH4)H3(S04)o ; and HI, for ammonium 
Iiydropyrosulphate, (Nil4)H8:,07. J. Kendall and M? L. Landon found cvidonr, 
of (NH4)oS04.3Il2S04, m.p. 48°, and of (NH4)2S04.H2S04, m.p. 146-9°, on the f.p. 
curve of the constituents. 

When distilled water is evaporated on a water-hath Jieated by a flame, the 
-Uijuid may be contaminated with ammoniuin sul])liate derived from the flame. 
Ammonium hydrosulphate was found by 11. F. Link to form deliquescent rhomlio' 
hedral and scaly crystals which, according to J. V. U. de WarignacA*^ belong to tln‘ 
rliombic. system, and have the axial ratios a :b: c~0*Gl!2S : ] : 0*7 b‘h) According 
to .|j. (h)ssnor s study of the mixed crystals, ammonium hydrosul[>liate is isutri- 
morplious with potassium hj'drosuljihate. There are mixed cr}*stals of the tvjie of 
the crystals of KIJSU4, (-NTl4)IbS04. and a monoclinic*- series of mixed crystals. 
According to 11. ISchiif, the granular crystalline mass has a sp. gr. 1*787 ; Jh Gossner 
gave 1*815. J. Traube gives G2‘ I for the nml. vol. of the hydrosuljihate in a ()(i*r)7 
per cent. soln. K. Janecke gave ‘251"^ for the m.p. and 490^^ for the b.p. of the 
hjMlrosuI])hate, and 195*^ for the eutectic temp, with the normal suljdiate. The 
m.p. given by E. Janecke is probably over LX)^ too high Ix'causc, as indicated in 
connection witli the normal sulphate ; many hav(‘ obtained miml)crs nearer l-lG ' tor 
the m.p. of the hydrosulphabj— c.r/. W. Smith, li. Hoik, R. F. Marehand, 1. Langmuir, 


(mio 



riS..— Ternary System, (KlT 4 )aS()i Fi(^. 59. — J^n‘SHnre-T<'Mij)(ra- 

~-li gSl >4 — lljjO, at 25’^. Iiirr Kqnilihrinin l^ia^onn 

<•1 AmtiHHUinn f!ydru.sul- 
phiite. 

F. W . Bridgman, e tv..— and J. Kendall and M. L. Landon obtained 14G*0±0‘5^. 
P. W. Bridgman fouml that as in the (*.a.so v>f potassium hyd<<c_ml)>liate, there are 
lour jnoditications oi the ammonium salt, and very ])rol)a])lv yfd. a liftli form. Tlio 
temperature- pressure diagram is illnstraiod in Fig. r,\) ; and soml' data in 'rablc XL\ I L 

IabI/K XJjin, Bttf.ct of BiiicssnuK on tjic Trax.sjtion T^MriaiA’i'iiRn of Abimoxium 

H YDKOS U CPH ATM 


ITe.'^s. j 

Triuiaitioii Uimp. 

('hnnyc uf \r)l. c.c. per grm 

i-n 1 

40^ 

0-01330 

1 1810 : 

120^" 

1 0-01 18S 

i-in 1 

i:uc' 

i 0 00529 

l 1800 

150^ 

: 0*00529 

11-111 1 2000 

128-4"^ 

' 0 -0003 5 

\ 6000 

i69:r 

; 0 00509 

III- IV i 

177-tP 

! 0*00108 

1 65;]0 

IS! 

j 0*00265 

IV— V i i 

187*3^" 

0*00400 

\\ 0000 ; 

19.3-8’ 

; 0*00300 
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The triple point I-II-III occurs ati[26‘2® under a press, of 1860 %rins. per sq. cm. ; 
and I WJIr:IV, at 176’9° and 5660 kgrms. per sq. cm. press. ? . ; r 

W. Smith says that the m.p. of ammonium hydrosulphate is ^ Gi Tammann 
found the lowering of soln. of 9*30, .54*81, 141*28 grnis. of the hydrosulphate in 
100 grins, of water at to be respectively 18*6, 112*6, and 257*5 mm. According 
to W. H. Perkin, the mol. rotation of a cone. soln. is 3*455. The heat of formation, 
according to M. Bcrthelot, with sulphuric acid diluted with an equal volume of 
water, and a mol. of ammonia in two litres of water is H2S04+NH3=(NH4)HS04 
+13*6 Cals. ; and, according to J. Thomsen, (NH3aq,H2S04aq), 13*37 Cals., and 
he also found that the heat of soln. of a mol. of the salt in 10, 200, and 800 mols. 
of water is — 0*81, — 0*02, and 0*05 Cals. R. Lenz found for the electrical con- 
ductivity of soln. : 


Eq. per litre 

0*250 

0*125 

0*0626 

0*03125 

0*015625 

A {NH.),S04 . 

. 22*6 

25*0 

27*2 

29*2 

31*2 

A (NH«)HSO« . 

. 65*2 

73*7 

79*2 

87*7 

98*1 


The salt has an acid and bitter taste ; and, according to H. F. Link, dissolves 
in its own weight of cold water. C. F. Gerhardt says the solubility of the salt in 
alcohol is very small. W. Eidmann says the salt is insoluble in acetone. H. C. Debitts 
says that when the aq. soln. is boiled very little ammonia is lost. Some of the 
reactions indicated in connection with the normal sulphate are really produced 
by the liydrosulpliate because the former is converted into the latter when heated 
above 140®. H. Schulze sa}’'s that the hydrosulphate loses water and some sulphuric 
acid when heated in a stream of air between 250® and 300*^. and ammonium pyro- 
sulphate is formed. W. Smith found that when heated in an atm. of ammonia, 
or when ammonia is passed into the fused hydrosulphate, the gas acts as a reducing 
agent: 3 iN 114)HS()4+NH3 p= 2NH3+3S02 f 6H2O+N2. M. Lachaud and C. Le- 
pierre found the fused salt attacks glass, from which it dissolves the alkali ; and 
alkali sul[)hates are partially volatilized and j)artially transformed into hydro- 
sulphate when heated with ammonium liydrosulphate. JI. Lachaud and C. Lepierre 
also studied the oxidation and sulphoiiation of organic compound by ammonium 
liydrosulphate. A. Hensius studied the precipitation of albumen from its aq. soln. 
by ammonium hydrosulphate. According to W. Smith, when ammonium sulphate 
is heated to 270®~30C)®, in a current of steam, ammonia gas is driven from the salt, 
and some sulphur dioxide can also be detected in the gases which are evolved. 
Nitrogen can be detected between 360® and 400®. The probable reaction is stated 
by W. Smith to be : 3(NH4)HS04-JS^2+NH4HS03+5H20+2S02. 

Double salts ol ammonium sulphate with the alkali sulphates. — Normal 
ammonium sulphate exhibits a strong tendency to form doulile or complex salts. 
This is illustrated by the alums, NH4R'"(S()4)2.12H20, and by the salts of the type 
(NH4)2S04.R''S04. 61120, where R" denotes bivalent atoms of iron, nickel, cobalt, 
manganese, zinc, cadmium, magnesium, and copper. A. Arfvedson prepared 
lithium ammonium sulphate, Li(NH4)S04, in snluble plates which furnished normal 
lithium sulphate on calcination. L. Troost also obtained monoclinic plates of this 
salt by evaporating mixed soln. of the component salts. According to A. Scacchi, 
the axial ratios of tlie rhombic bipyramids are a : b: c=-l'G795 : 1 : 0*9794. G. Wyrou- 
boli gives 1*204 for the sp. gr. This variety, called the a-modification, is formed 
from soln. at about 24®, along with a second variety called the j8-modification, 
which also crystallizes in rhombic bipyramids-— pseudo-hexagonal — with axial 
ratios a:b : c=l*7303 ; 1 : 1*6679, and sp. gr. 1*164. If the temp, of crystallization 
rises above 24®, the formation of the ^-crystals is favoured until, finally, tliis variety 
is alone obtained. Both varieties have a positive double refraction. According 
to G. Wyrouboff, there is yet a third unstable y- variety which is formed by rapidly 
cooling the pseudo-hexagonal crystals, and whose optical properties are characteristic 
of monoclinic crystals. The crystals of lithium ammonium sulphate fire not 
isomorphous with those of the potassium salt, but, according to J. W. Retgers, 
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they are possibly isodimorphous. According to F. A. H. Schreinemakers am! 
D. H. Cocheret, the solubility of the double salt at -rt^lO'’ is 35'i55 per cent., and 
at 70", 3(V18 per cent. 

F. A. H. Schrciriemakers and D. H. Cocheret have studied the ternary systcjii 
water, lithium, sulphate, and ammonium sul[>hate. Four solid phases— ri;. 
(NID-^SO.! ; LiNIT4S04 ; LioS04 ; and Li2S04.Ho0— were observed at 30". Fig. (Jn 
re])re.sents the C(.)mpr)sition of soln. of these three comj)onents. All possible ternai y 
mixt nres of these components can be represented by a point in the triangle ; binary 
mixt ures by a point on one of the boundary lines of the triangle ; and the pun* 
components by a point on the proper apex. The line ABCDEF cuts the triangl.' 
into two parts. 'J'he line AB represents a soln. in equilibrium with the solid phase, 
momdivdrated lithium sulphate, Li2S0.4.H20 ; the sector AGB represents soln. 
whifdi separate into this same .solid i)hase until their com])osition is that represented 
by a point on the line AB. Similarly for the, sector BHV, and the line BV with 
respect to the solid phase, Li2S04 ; ft)r the sector CIE and the line VE with respect 
to the solid pliase, LiNH4S04 ; and for the sector EJF and the line A’F with rcs])ect 
to the solid pha.se, (NH4).2S04. The point B represents a soln. in e<piilibrinm with 
tlte two solid phases, Li.2SO4.H2C and LiaSO^, and tlie segment (JBH, a soln. wdiich 
separates into a soln. of the composition B, and the same two solid phases. The 

point (■' represents a .soln. in (H[uili- 
brium with the two solid phases, Jii2S(), 
and LiNH4S04, and the segment II Cl, 
.soln. which separate into one of the 
composition (■ and the same two solid 
phases. Himilarly, A re|ircsents a soln. 
in ef(uiUbrium with the two solid ])hase.s, 
LiNJl4kS()4 and (NH)).28C4, and the 
s<!gmc.nt /A’./, soln. whi(di .separate into 
the same two solid phases and a soln. 
of the compo.sition E. The area to 
the left of AliCEF rejnesents un- 
.saturated soln. G. 0. A. van Dorji 
P “(N/fti.iOi says that tin*, representation of tin; 

l■'lo. 00. — K(|iiiHbriuin Diagram of tlie Ternary analytical results by an equilateral 
Sy,stoii),Tt.iO — LijSOi — (NHilj.SOj, at. SO". triangle is not suiliciently exact ; and 

he found additional solid phases : 
Li2St)j ; (NH4).2S()4 ; 112804 ; : 1 : 1 ; 2 : 2 : 4 ; and 1:3:4. C. Spielrein has also 

studied the conditions of equilibrium of mixed soln. of lithium and ammonium 
sulphates. 

Crystals (tf the double salt dibvdrated sodium ammonium sulphate, 
Na>iHiS04.2H20, were jireparcd l>y it. F. Link,''^ A. Sepiin, A. Kilfault, etc. 
'i'hey also occur in nature as the mineral Ivvcmlile, described ]>v W. d. Taylor, 
and found emhedded in the black mass made uj) of the exerement of bats in tlie 
cave of Las Fiodras, Coinayagua (Central America). 11. Scbill obtained them from 
a mixed soln. of sodium sulphate and ammonium chloride, or of sodium chloride 
an<l ammonium sulpliate. The salt was also jircpared by E. Mitscherlieh from 
soln. of the mixed components containing an excess of ammouiuiu sulphate, and the 
crystals are rhombic bipyramids with axial ratios a:h: c— 0-4859 : 1 : 0-6630. 
Th(^ crystals have also been investigated by V. von Lang, and by H. Keinsch. 
H. SchifY gives 1-6.3 for the sj). gr. Tlic double refraction is negative. 'The water 
of crystallization is lost when the cry,stals are confined over sul])huric acid, and, 
according to J.^W. Retgers, they can be obtained anhydrous by crystallization 
over .50\ IT. F. Link says that when the crystals are heated, they decrepitate, 
swell up, give off ammonia and ammonium liydrosulphate, and leave a residue 
of sodium hydrosulphate. H. Schiff found that 100 parts of water at 15" 
dissolve 40-0 parts of the hydrated salt, forjning a soln. of sp. gr. ri749. 
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According to W. Smith’s analyses, the hydrated salt is Na(NH 4 )S 04 * 3 H 20 , not 
Na(NH 4 )S 04 , 2 H 20 . ^ ‘ 

C. Matignon and F. Moyer have studied the ternary system, H20~~Na2S04 
— (NH4)2S04, and record the foimation of the solid phase, NaNH4S04.2H20, 
which is stable in presence of its sat. sulii. between 20"" and 43'^. The heat of solin 
is 13 0 Cals, at 15"’ ; and the heat of formation in aq. soln. at 15^^ is — 7*6 Cals, 
n. M. Dawson has also investigated the system between —20® and —120®, and he 
found the double salt Na2S04.(NH4)2S04.1H20 forms at —16® ; the double salt 
is deconijioscd by water between —16® and 20®, forming Glauber’s salt, and between 
41*5® and 51)‘3° it is dec*om[)Osed, forming anhydrous sodium sulphate. The 
transition temp. Na2SO4.10n2O^Na2SO4-l-10Il2O is depressed to 26*5® by the 
addition of ammonium sulphate, and at this ternp. th(j system is in equilibrium 
with three solid phases ; tlie double salt ; and anhydrous and decahydrated sodium 
sulphate. L. Dubrisay studied the temp, of com])lete miscibility of cone. soln. of 
ammonium and sodium sulphates. Sodium and ammonium sulphates can be 
separated by cooling soln. of the appropriate cone. ; most of the Glauber’s salt 
separates out, and the ammonium sulphate can he obtained by evaporation at 
100®. The separation is not ap])rcciably afTected by moderate amounts of free 
sulphurir* acid. These facts have an important bearing on the use of soln. of 
nitric cake,i® from the nitric acid w'orks, for the absorption of ammonia in the 
manufacture of ammonium sulphate. 

As indicated ])reviously, mixtures of ]>otassium and ammonium sulphates 
form a very complete series of mixed crj^stals, and some members of the series are 
described in early literature as definite compounds. Thus, H. F. Link and 
JI. SchifT obtained crystals of what was supposed to be the double salt of sp. gr. 
2*280, which \vere said to be stable in air. According to H. Kose, the crystals have 
K2HO4 : (NH4)2S04 in the mol. ratio 2:1. W. J. Taylor obtained yellowish- white 
crystals of tlie composition 5X0804.(^14)2804, from the guano beds of the Chincha 
Islands, and they were called taylorite by mineralogiwsts. According to 
L. K. H. P. /oiler, the composition is variable. The so-called grianovuUte, found by 
F. Wibel in guano, and reported to have the composition K7(NH4)2H3(S04)o.4H20, 
is also variable in composition. 0. F. Rarnmclsberg regarded the alleged double 
salts as mixtures of the component salts. 
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§ 28 . The Occurrence and Preparation of the Alkali Carbonates 

Sodium carbonate is fairly widely dispersed in nature, for it ocfjurs aHsoci.iM'd 
with other salts in many mineral waters — e.g, Aix-la-ChapeJle, Carlsbad, ViVijv, 
etc. — in natron lakes those of the St. Macarius desert, Egypt ; Magadi, Jb iti h 
East Africa ; near Szegedin (Hungary) ; Central Africa ; the Araxes plain in 
Armenia ; in the plains of Nevada and Soiith California ; Mexico ; Venoziu l.i 
(South America) ; Persia ; Tartary ; Mongolia ; and China — and as dry de}>osits, 
efflorescences, or crusts on the ground as atrmiy natron, irona, or urao in the ntd^h 
bourhood of the natron lakes and in other places — e.g. nearly every district in 
India ; the alkali deserts of Tibet ; Utah ; and near Lake Texcoco (Mexir^o). 
H. Riithausen,! F. Kuhlmann, and A. Vogel found efflorescences which were highly 
charged with decahydrated sodium carbonate on the walls of certain buildings. 

The oldest known deposits of natural soda are those in lower Egypt. They hav<i 
been described by J. P. J. d’Arcet, X. Ijaiiderer, J. Russegger, and E. Sickenbergor. 
There arc nine shallow lakes in the Nile valley near Memphis. The waters of sonic 
arc coloiued red. A. Payen ascribes the coloration to the presence of small 
crustacem. The smaller lakes dry up in summer, and the larger lakes leave crusts 
of salt mixed with clay mud. The crusts are collected, dried, and sold as latroni, 
in the Levant and Greece. It is used in Crete for soap-making. E. Sickenbergm- 
says there are IG lakes in the soda v’^allcy — Wady Atrun. Some of these furnisli 
good soda — 60 per cent. Na^COs and upwards — which is called trona, natron, or 
atrun. T. M. Chatard has shown that it is a mixture of urao with other salts. 
0. Popp and T. Remy have analyz<*d the salt. Tliere are islands of solid trona in 
the natron lakes in the oases of Fezzan in the Sahara. M. II. Klaproth, and 
J. Joffri?, have published analyses of this product. The dejxisit of natural soda at 
liRke Magadi in the British East African Protectorate covers 30 sq. miles ; and 
amounts to 200 million tons, A. G. Salamon's analysis is : 

NaaCOg NanCOg KaOl SiO.» Water 

43-55 40-41 0-36 0 07 0 04 15*57 

The Hungarian soda has been known from the time of tlie Roman dominion us 
a product of tlie efflorescence of tlie soil. The crude soda or .verivo is collected hy 
scraping, and sold to tlie refiners, who lixiviate it with water; ev'^apurato the soln. 
to dryness ; and fuse the mass. When cold, the produi.t is broken up and marketed. 
It is used locally at Szegedin in the manufacture of soap. J. Moser has published 
an analysis of the raw material, and S. Hchapringer, two analyses of the Hungarian 
soda. The former’s analysis is : 

NajO KgO CaO AUOg afid l-'cgOg SOg SiOg UgO C0« 

8*03 3-12 2-72 “ 2 33 3 48 J -04 15*50 S-70 

with a trace of magnesia, and 54 09 per emit, of matters insoluble in nitric uci<l. 
E. Kayser, A. Werner, and J. Szabo have also reported on the Hungarian deposits. 

H. Abich has investigated tlie natron lakes of Armenia. The crusts which 
form aVioiit these lakes have from IG to 23 per cent, of sodium carbonate ; 16 to Hi) 
per cent, of sodium suljdiate ; 2 to 51 per cent, of sodium chloride ; and up to 
about 10 per cent, of water. Thti mud of Lake Looiier (Nizzam, India) dries in 
summer, and contains a white salt used for washing and soap-making. Wallace’s 
analyses make the soluble ])ortion (74*65 per cent.) ; 

NajjCOg Excess COg K jCOg .\nCJl AlgO and 

65-20 7-35 0*27 0-60 0-67 " 050 

with a trace of calcium sulphate. According to D. Hooper, saline soils known as 
dhohies' earth occur in numerous places in India, and it has been used for washing, 
dyeing, glass and soap-making from very early times. The salt is sold in bazaars 
as sajji-niatr, and it often contains more sulphate and chloride than carbonate. 
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K. Haines has analyzed the alkaline deposit — called duka^ hurka, or kara — found 
near Aden in Arabia ; it contains 51*05 per cent. Na2C03 ; 24*94 NaCi ; traces of 
magnesium chloride and sodium sulphate ; 19*60 water and organic matter ; and 
4*35 of sand. It is used for adding strength to snuff, and for washing. 

V. Faxar says that the salt urao crystallizes on the bottom of the lake in the 
valley La liagunilla in Venezuela, and that it is collected by the natives every two 
years, and used in the manufacture of mo — a dried extract of tobacco used by the 
natives as a stimulant. J. B. J. D. Boussingault says this urao crystallizes in 
prismatic needles arranged in radiating masses ; it is a little softer than calcite ; 
the taste is alkaline ; and it docs not eftloresce.'’ His analysis is CO2, 39*0^) per 
cent. ; Na^O, 41*22 ; 1120, 18*80 ; and impurities, 0 98 per cent. He thus reports 
on the peculiar way in wliich the natives obtain the salt : 

To collect the urao, the Indians make an excavation on tho bott<)m of iho lake, sov(*ral 
metres in extent, and plant therein a stake 14 to 16 feet long, the upper ond of which reaches 
above tho surface of tho water. When this is accomplished an Jiulian, resting upon this 
stake, places tho end of a second ono upon the deposit and holds it at a certain inclination. 
As soon as this is done, a second Jiulian glides down tho iiicliiied stake, plunges boneatli 
th« surface of the water and after a lap.se of a few minutes returns with a portion of the salt. 

H. F. Keller has described some of the lakes in iho valley of Mexico which leave a 
crust — c-alled tequezquite, co7iJitello, iejuilmte, and espumilla — consisting of sodium 
carbonate with sodium chloride, a little nitrate, gypsum, sand, and eartliy matter. 
The product is purified by crystallization to furnish soda crystals — c’alled som hfut(u 
In the south of Tczcaco, tho country people use tequez(|iute directly without any 
purification. P. Bcnard washed out the sodium chloride with a dil. soln. of tin* 
same salt at —18^ to — 20*^, for at this temp, sodium carbonate is virtually 
insoluble in a sat. sola, of sodium chloride. 

The deposits of alkali carbonates in the United States have been described by 
T. M. Chatard in a memoir: Niitnnd Soda: ita occurrence and utilization 
(Washington, 1890). I)oposits of alkaline carbonates from alkaline lakes arc very 
common in tho Lahontan basin of Nevada and sonthern California. They form 
Tplayas or flaya lalces which arc dry in summer, and flooded to the depth of a few 
inches in tho wet season. The deposits in AVyoining are said to be typical sulphate 
deposits resembling those of Armenia ; and although they contain more or less 
carbonate, it is not [)ossible to extract the carlionate econonii(*ally by natural 
crystallization. The two soda lakes at Ragtown, Nevada, have been described by 
K. V. King and by I. 0, Russell, and they have been worked for commercial purposes. 
The deposits have 44 to 52 per cent, of sodium carbonate ; 25 to 34 per cent, of 
sodium bicarbonate ; 1 to 5 f)cr cent, of sodium sulphate ; 1()‘3 per cent, of sodium 
chloride ; 14-16 per cent, of water ; and 0*2 to 3 per cent, of silica or 

insoluble matters. Crystals of gaylussacite, (JaC03.Na2C03.r)H.20, are also fomid 
in the deposits, although no a])preciable amount of calcium a])pears in the water. 
This is taken to show that the minute quantities of calcium, which enter the lakes 
from spring water or otherwise, are immediately removed as gaylussacite. The 
waters of Mono Lake (California) and of Albert Lake (Oregon) also have a future 
prospective for profitable working if pro2)er facilities fur transport w*ere available. 
The analysis of the dry residue from the lake waler is indicated in Table XLIV. 

I. C. Russell's analyses of tin? .soluble matters in the waters of Soap Lake (Douglas 
County, Washington State) and of Owens Ijuke (Inyo County, (UilifornnO are 
included in Table XLIV. 

The vrater of Ow'ens Lake is similar to that of the Albert and Mono liukos, 
and it is one of the largest, and most important, sources of natural soda. It is 
estimated that tho lake contains from 20 to 40 million tons of sodium carbonate 
which is easily obtained of a high degree of purity by solai* evaporation in shallow 
pans. The first crop of crystals was shown by T. M. (Iiatard to be laigely the salt 
called urao, Na2CO3.NaHCO3.2H2O ; the next product in a great part consists of 
sulphates and chlorides ; the mother liquid requires artificial heat for further 
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"'gv^mtion : it is rich in carbonate;, and contains the major portion of th 
arid boriei acid. The manufacture of sodimn carbonate on a conuuciv , 

from these waters was begun towards the beginning of 1886. The A 

luarket, af least, may bo supplied with sodium carbonate from these soun < > /, 
near future. S. Poutet, and A. Werner have studied the purification of — u,a! 
soda by recrystallization fi'(>ni aq. soln. 


Tablk XLIV. — of Dry Kksidujjjs Sajlij^k Lakji;.s. 



Mono Lake 

Dry residue 

5*35 

SiO, 

0*13 

AUO 3 ; Fe,03 

0‘005 

CaCOa 

0*09 

MgCOa . . . . j 

j 0*36 

Na,B^O, .... 

‘ 0*39 

KCl 

1 3*44 

NaCl 

1 34*60 

Na 2 S 04 .... 

]8*45 

Na^COa . . . . j 

i 34*33 

NaHCOa . . . . j 

i 8*20 


1 


Al))ert Lake. 

1 Soap Lake. 

j OwoiiK L . 

3*19 

I . 2-82 

[ 

7*70 

0*59 

0*40 

0.28 


— 

0 ‘0r> 

— 

0*14 

1 0*08 

. — 

. — 

0‘t)3 

2*62 


I 407 

54*58 

20*61 

3815 

2*68 

22*89 

Ji*38 

27*09 

39*82 

34 05 

12*44 

16*14 

7 ‘40 


The origin of natural soda.— Closed waters must represent a cone. soln. of the 
water from inflowing streams. Consequently, if a lake contains a given salt, the saline 
matters must have been brought as such into the basin, or be the result of chemical 
reactions with other constituents of the lake water. Furtlier, if a salt has been 
carried into a lake, it must have been leached from the rocks or soils of the region, 
no matter w^hethor the waters wore derived from deep-seated springs or from surface 
drainage. The origin of the sodium carbonate has been explained by three hypo- 
theses : (1) Percolating water, charged with atm. or volcanic carbon dioxide, lm» 
extracted soluble matters from the volcanic rocks, and these have accumulated 
mainly in the waters of the basin. According to T. M. Chatard, the predominance 
of sodium salts over potassium salts in natural waters arises partly from the soda 
rocks being more easily decomposable than potassium rocks, and partly from the 
fact that on filtration through the soil, potassium salts are retained by the soil to 
a greater extent than sodium salts. (2) The reduction of alkali sulphates — e.f/. 
E. Sickenberger 2 found aigse in the waters of certain natron lakes in Egypt, and 
noted the evolution of hydrogen sulphide and the deposition of iron sulphide ; 
hence, he suggests that the carbonates were formed by the reduction of sulphates 
by organic matter, and the subsequent absorption of carbon dioxide from the air. 
G. Schweinfurth and L. Lewin say that such a process can account for but a small 
part of the alkali carbonates. H. Abich ascribed the formation of the alkali soils 
in Armenia to the action of vegetation on the sodium chloride of the soil, wliich, 
during the decomposition of the vegetable matter, causes the carbonate to pass 
into the soil, (3) Double decomposition between calcium bicarbonate and sodium 
sulphate whereby gypsum is deposited, and sodium bicarbonate or carbonate 
remains in soln. T. S. Hunt suggested this hypothesis in 1859, and E. von Kvassay 
used it to explain the formation of the Hungarian deposits when sodium chloride 
is substituted for the sulphate. C. L. Berthollet, in 1799, and G. Schweinfurth 
and L. Lewin, in 1898, used the hypothesis to explain the origin of sodium carbonate 
in the Egyptian natron Jakes. Both E. W. Hilgard and S. Tanatar have shown 
that sodium chloride and sulphate can each react in soln. with calcium bicarbonate 
to form sodium carbonate. S, Cloez suggests that magnesium bicarbonate is the 
principal agent in the formation of native sodium carbonate from sodium chloride, 
but he offers no suggestion as to what becomes of the magnesium chloride. 
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Efflorescences or crusts are formed either by the partial or 

the lakes or ponds during summer, or else by the surface evaporatvmi of SuWqH 
moisture carried to the surface by capillary action. * 

The soda in plant ashes. — ^Most plants contain the two alkalies-'-potassium 
and sodium carbonates — ^and the former is the dominant constituent in the ashes 
of most plants, but there are certain species in which sodium carbonate prevails. 
These plants are found near salt springs, salt steppes, and especially near the sea- 
shore. Up to the beginning of the nineteenth century, the soda of commerce was 
made from the ashes of sea plants and from trona. The ashes of seaweeds, remark- 
ably enough, contain very little alkali carbonate, and the potash usually j^edonai- 
nates. The potash in the ashes of seaweeds ranges from 4 to 24 per cent, and the 
soda from 2 to 24 per cent. It is probable that the soda plants in the vicinity of 
the sea convert sodium chloride into sodium oxalate, tartrate, etc., which, on being 
incinerated, yield the carbonate. The more important soda plants are the atriplex 
portulacoides, tragus, and kali ; many species of the chenopodium ; salsola soda, 
kali, tragus, arenaria, clavifolia, vcrmiculata, and branchiata ; salicornia annua, 
arenaria, and curopoca ; cochia sedoides ; statice limonium ; triglochin maritimum ; 
several fidoideae — reaumcria, tetragonia, nitraria, and mesembryanthemum. 
According to T. Richardson and W. Watts, the ashes of the following plants gave 
the percentage yield of sodium carbonate ; 


Balsola 

Salsola 

HalmiocicimuBi 

Salsola 

Kochia 

Salsola 

clavifolia. 

soda. 

capsicum. 

kiili. 

Rodolcles. 

brachlata. 

46*99 

40-95 

36-75 

34 -OO 

30-84 

26-26 


The dried plants were incinerated in pits or in special furnaces. The product 
made in pits varied in colour and texture with the treatment, and some varieties 
made in the same place and apparently in the same way received special names — 
thus, soude douce was a well-fluxed ash-like mass with 20 to 25 per cent, of sodium 
carbonate ; soude 7nelanf/ee, a dark-coloured honey-combed mass with a sharp 
fracture : and soude bourde^ a low quality mixed with particles of coke, and contained 
much common salt and earthy matters. The Spanish soda enjoyed the best repu- 
tation, and its special name barilla has been genetically used for soda made from 
plants. Two derivations have been suggested for the word barilla — also spelt 
barrilla. In one, the term is supposed to be a corruption of the Spanish barril — 
cask or barrel ; and in the other, the term is derived from the Spanish barrilla or 
varrdlla applied to the plants which are grown for making barilla. Vegetable soda 
or barilla is the more or less fluxed ash from incinerated plant, which has not been 
purified by lixiviation, and which contains all the inorganic constituents of the 
plants, J. P. L, Girardin has analyzed a number of varieties of barilla. In these 
analyses there was up to about 3 per cent, of insoluble matter, and the soluble matter 
included the two alkali carbonates, sulphates, and chlorides with a small proportion 
of sulphide and thiosulphate. Alicante soda, Carta/jena soda, and 3Ialaga soda 
were trade names for varieties of Spanish soda ; salicor or soude de Narbonne was 
made from the salicornia annua, and it has 14 or 15 per cent, of sodium carbonate ; 
blanquette or soude Argues-mortes was obtained from varieties of the atriplex — 
portulacoides, tragus, or kali-salicornia europoea, and the statice Icmonium — and 
had 4 to 10 per cent, of sodium carbonate. The soda from Teneriffe was derived 
from the mesembryanthemum crystallium, and had about 20 per cent, of sodium 
carbonate. Some low-grade soda was also made from varcc in the North of France 
— sel de varec — ^and from Scotch and Irish kelp. 

The preparation of sodium and potassium carbonates. — According to 
N. N. Beketoff,^ sodium oxide, Na 20 , is not attacked by carbon dioxide at ordinary 
temp,, but at 400*^ the two substances unite suddenly and vigorously with incan- 
descence. Carbon dioxide transforms the moist oxide or hydroxide into carbonate. 
The low solubility of sodium hydrocarbonate enables it to be prepared in a very fair 
degree of purity, and it is quantitatively converted into equally pure carbonate by 
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. ignition in a weighed platinum crucible at a didl red beat lor 10-15 nun, Thr I'l 
should not be allowed to fuse. It is cooled in a desiccator and weighed ; 84 ^rn 
of hydrocarbonate should give 53 grms. of the normal salt. To ensure that dvron 
position, 2NaHC0s-^Na2C03+H20-f-C02, is complete, the crucible is again heatj .i 
another 10 min., and again weighed. According to H. Kunz-Krausc and R. Richter. * 
the change occurs at 250"" if the mass in the crucible be stirred with a platinun; 
wire so that all portions arc brought into contact with air. According to P. Melikijti 
and M. Rozenblatt, when ammonium carbonate is added gradually to fused sodium 
or potassium chloride in a platinum cruoiblo, sodium or potassium carbonate 
formed in amount depending on the quantity of ammonium carbonate add(*(i. 
The reaction : 2NaCl+(NH4)2C08^Na2C03+2NHtCl, is reversible. If ammonium 
edrl)onatc and chloride are added together to the fused sodium chloride, no sodium 
carbonate is formed. If sodium or potassium sulphate be similarly treated, the 
corresponding carbonate is not formed. 

The preparation of sodium carbonate from impure natural soda, and from tJie 
ashes of soda plants, has been already described. Methods have also beem sugge.stcd 
for transforming various sodium salts— sul]diate, chloride, nuoride, cryolite, nitrate^, 
and felspar — into the carbonate. Many of these are disemssed in detail bvR. von 
Wagner s RetjoMcnder Sodafahrik (Leipzig, 1860); and by G. Lunge's A Tlhcorrlical 
and Practical Treatise on the Manufaclure of Sulphuric Acid and Alkali (London, 
1896). Much of what is said of the sodium salts applies also to the ])otassium 
salts, and conversely. 

The preparedion of potassium carbonate Jrom potassium salts of (he organic acids. 
— The preparation of potassium salts from kelp ashes, wood ashes, vuiasse, suint, 
alumino-silicate minerals — e.g. felspars, zeolites, propliyries, syenites, tracliy t es, 
etc.— -has been descjribed. It was formerly the custom to ])reparo a j^urer form of 
potassium carbonate by the ignition of cream of tartar, potassium hydrogen tartiMte. 
This salt was heated in a covered iron crucible, and the mixture of carbon and 
potassium carbonate was lixiviated with water, and the soln. evaporated in a silver 
basin. The product was hence called salt of tartar, or sal tartari, or kali carhonivum. 
e iarlaro. According to H. W. F. Wackenroder,^ the product contains traces of 
chlorides, calcium and magnesium salts, and potassium cyanide if crude circam of 
tartar be used, and, according to A. Vogel, potassium ph()S|)liate. Ilonrc, it has 
been recommended to purify the cream of tartar by digesting it for an hour with 
its own weight of water and ^\.th of hydrochloric acid ; the undiss( jived cream of 
tartar is washed until free from calcium sails. If a clay crucible be used for the 
incineration, the product will contain some silica ; but IT. AV. F. M'^ackcnrocler says 
this can be avoided by lining the crucible with a mixture of starcdi and gum. 
J. S. Stas purified the cream of tartar uschI i\i his work on at. wt. by digesting it 
with 5 per cent, hydrochloric acud, washing and drying in order to make tlie silica 
insoluble. Then he recrystallized the creaTn of tartar, and incinerated the product in 
a .silver cnu:ible to get potassium carbonate. G. 0. Wittstcin, A. Gatty, R. von 
Wagner. N. Griiger, and N. Blocli have discussed tlie jjurilicatiou of cream of tartar 
for use in this proejoss of making jjotassium carbonate, rotassium carbonate has 
been pr(3pared by calcining ])otassiuin ac'citate, CH^.t’OOK ; and U. Uullos used 
potassium acid oxalfite. Garbon dioxide has also been ])assed into an alc-oliola* 
solti, of potassium acetate. This furnishes a mixture of potassium c^arbonatc and 
bicarbonate which ( an be afterwards calcined fijr tlu'. carbonate. 

The preparation oj sodium carbonate from sodium fluoride. — M. Kraniz treated 
a soln. of sodium fluoride with gelatinous silica and carbon dioxide when two-thirds 
of tlie sodium fluoride is converted into sodium bicarbonate, and one-third into 
sodium fluosilicate : GNaF ] SiO^- ^ ICO^ f2H20 -iNallCOs l-Na^SiFo. T])e sodium 
fluosilicate is converted back to sodium fluoride by treating it with a slip of powdered 
fluorspar : Na28iF54“t!aF2=CaSil^^3“l-2NaF. W. Weldon patented a complicated 
process in 1866, which has not been ]>racticallv apf)lie(l. W. Weldon treated 
sodium sulphate with hydrofluoric acid: Na^WGi+HF^-NaHSO^'F-NaF, when 



THE ALKALI METALS 


715 


sodium fluoride is alone precipitated ; this can be decomposed by magnesia : 
2NaP+Mg0+H20— 2NaOH+MgF2 ; the magnesium fluoride is converted into 
sulphate with the recovery of the hydrogen fluoride by heating it with the sodium 
bisulphate previously formed: 2MgF2+2JSraHS04— 2MgS04 4-2N'aF~h2HF and 
the magnesium sulphate when treated with sodium chloride forms sodium sulphate 
which crystallizes out at —I®, and a soln. of magnesium chloride is obtained. On 
ignition with steam magnesium chloride forms magnesium oxide and hydrochloric 
acid. F. Jean (18G8) devised a process for sodium fluoride by heating the sulphate, 
with coal, fluorspar, and calcium carbonate. The reaction is said to be very 
incomplete. 

The 'preparation of sodium carbonate from cryolite, — Cryolite, sodium fluoaluminate, 
NasAlFg, can be worked up into sodium carbonate and alumina by a process devised 
by J. Thomsen ’ in 1862. An intimate mixture of equal weights of finely ground 
cryolite and calcium carbonate is heated to dull redness. The calcined residue is 
called cryolite ash. During the calcination, calcium fluoride and sodium aluminate 
are formed, while carbon dioxide is set free : Na;^AlF6-b3CaC03=-Na3AI0;j-f“3CaF2 
+3002. The action is more complete if a little calcium fluoride from a previous 
operation is incorporated with the initial mixture. The charge from the furnace 
while hot is discharged into water contained in wooden lixiviating vats with false 
bottoms. Sodium aluminate dissolves, and the soln. is pumped into boilers to be 
treated witli carbon dioxide. The insoluble residue — mainly calcium fluoride — 
is employed in making glass, enamels, and bricks, and as a flux for metallurgical 
purposes. Carbon dioxide is forced into the soln. of sodium aluminate when 
aluminium hydroxide is precipitat(xl, and sodium carbonate remains in soln. : 
2Na3A103 \ 3CO2 f-SJLjO— 2Al(OH)3+3Na20O3. A comparatively largo proportion 
of the sodium carbonate is absorbed by the precipitate, and requires much washing 
with boiling water. The alumina is mainly used for making alum. The soln. of 
sodium carbonate is cone, to a sp. gr. 1*332, when sal soda. Na^^GOa 1()H2(>, crystal- 
lizes out : the lye can also be converted into the hydrocarbonato NaHCOg, by the 
action of carbon dioxide. 

F. (>. Spilsbiuy patented J. "[’homsen’s process in 1850 ; C. Tissier could only decompose 
one-third the cryolite in this way, and 1), Sanerwein showed that for complete decomposi- 
tion, :i:{G parts of calcium carbonate are needed for 447 parts of cryolite. H. Schwarz, 
J. Bing and J. L. Smith have do.scribed J. Thomsen's cryolite i)roecs3. J. R.. von Wagner 
suggested baryta in plac(5 of lime. L. Schuch proposed decomposing cryolite with boiling 
soda-lye ; II. Bauer with a mixture of calcium carbonate and soda-lye ; F, Lauterboni 
sugg(^st©d boiling the cryolite with water alone ; and *1. F. Persoz, by the treatment with 
sulphuric acid: 2Na3AlFe POH^SO^ Al 2 {»S 04 ).,-l- 3 NaiS 0 ^ + 1 2}1F. The difliculty in 
separating the sodium and aluminium sulphates rendered the process of no use industrially. 

Tim preparation of alkali carhonale from the alkali chloride^. —Y. Bergmann® 
(1775) showed that a soln. of sodium chloride is decomposed by potassium carbonate, 
for the mixed soln. on evaporation gives a cro]) of crystals of j)otassium chloride, 
and this is followed by a crop of crystals of sodium carbonate. J. F. Meyer (1761), 
and J. F. Westrumb (1785) gave? specific directions for the operation, and the 
same plan was recommended by C. F. S. Hahnemann, l\ J. Karstellyn, and 
J. C, W, Remler. Between 1802 and 1815 sodium carbonate was made at 
Walker on-Tyne by a modification of the process devised by Earl of Dundonald 
(1705). C. Bischoff made sodium bicarbonate by passing carl>on dioxide into an 
aq. soln. of equal parts of sodium chloride a))d potassium carbonate — sodium 
bicarbonate preci])itated, potassium chloride remains in soln. W. Weldon })atented 
a modification of this process in 1881. 

0. W. Scheele (1773) noted that a damp mixture of common salt and calcium 
hydroxide effloresces after some weeks’ exposure to air, the efflorescent salt is 
sodium carbonate. It is probable that calcium bicarbonate is formed, which 
precipitates soluble sodiun) bicarbonate, and this explains the formation of the 
efflorescence of soda from salty soils. The observation made by 0. W. Scheele 
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was allk) made, perhaps independently, by J. It. Proust, B. Pelletier, and N. Deyei 
and was the subject of a patent by M, Carny in 1792, and worked for some tih . 
at Crosie. C* W. Scheele (1773) also noted that a solm of Common salt is decompose : 
by litharge, for, when the salt soln. is filtered through the lead oxide, it become 
caustic, and in air it yields sodium carbonate. T, Bergmann described C. W. Schecl</s 
observation in 1775. The insoluble by-product of the reaction is yellow leafi 
oxychloride; 2NaCl+2Pb0+H20=-2Na0H+ClPb.0.PbCl, and the preparation 
of this compound was patented by J. Turner in 1781, and it was employed as a 
pigment imder the name Turner's yellow — sodium hydroxide was then a by-product. 
P. C. Achard (1784) did not favour the process. Many patents have been based on 
C. W. Scheele’s reaction — €,g. P. R. Curaudau (1792), C. Watt and T. R. Tebbutt 
(1838), J. Hunt (1839), J. Rowbotham (1866), F. M. Bachet (1869), D. C. Knab 
(1877), Soci6t6 anonyme Lorraine industrielle (1882), and P. T. Romiquiferes (1888). 
Zinc oxide is not so good as lead oxide for the purpose. 

The preparation of sodium carbonate by the action of ammonium carbonate, 
on sodium chloride is treated in a special section on the Solvay process. G. Tauber 
proposed to use ammonium sulphite in a similar manner : 4NaCl-f4(NH4)5j803 
=2Na2(NH4)2(S08)2+4NH4CI. The precipitated double salt is separated by 
the centrifuge and heated to 100®, whereby normal sodium sulphite remains as 
a residue, and ammonia, sulphur dioxide, and steam arc evolved as vapours. The 
sodium sulphite is decomposed by lime with calcium sulphite as a by-product. 
W. Weldon exposed a mixture of water, common salt, and magnesia or magnesium 
carbonate to the action of carbon dioxide under press., when sodium bicarbonate 
is precipitated * 2NaCl+MgC03+C02+H20=2NaHC03 fMgCls. The method 

has not been successful for the manufacture of soda, but C. R. Engel has applied 
it to the manufacture of potassium carbonate. A. Lanquotiii substituted dolomite 
in place of W. Weldon’s magnesium oxide or carbonate ; and E. Carthaus, recum- 
mended a little ammonium salt to prevent the precipitation of basic salts. A 
number of patents have been taken for converting sodium chloride into carbonate 
by the action of carbon dioxide with carbon monoxide or hydrogen on heated sodium 
chloride alone or admixed with carbon or a metal^ — e,g. R. Lancaster (1879), M. Bcuzo 
and P. von Hardtmuth (1893), G. Duryee (1880). 

The potassium carbonate manufactured from the Stassfurt salts is in a great 
measure made by Engel’s process, which depends on the fact that below 24® potas- 
sium chloride in the presence of magnesium carbonate is decomposed by carbon 
dioxide, forming an almost insoluble double salt, KHCO3.MgCO3.4H2O, and 
magnesium chloride : 3MgC03+2KCl+C02+'^H20=MgCl2+2MgKH(C03)3.4H20. 
The sparingly soluble double salt is readily separated from the soln. of magnesium 
chloride, washed, and' cither heated with warm water; - 2MgKH(C03)2AH20 
~=2MgC03+K2C03+C02+BH20, or treated with magnesium hydroxide below 20®. 
The soln. of potassium carbonate is filtered off ; the magnesium carbonate and 
carbon dioxide are used for the treatment of more potassium chloride. The 
decomposition proceeds better under half an atm. press., and at a temp, over 115®, 
since the magnesium carbonate is then in a form which filters easily, and the formation 
of bicarbonates is avoided. 

Patented proposals have been made to heat sodium chloride with phosphoric 
acid (A. Helhaye) ; zinc or lead pyrophosphate (L. J. F. Margueritto) ; 01 
ferric phosphate (A. R. Arrott). The resulting soluble sodium phosphate is decom- 
posed by boiling with lime to form sodium hydroxide, which, if needed, can be 
converted into carbonate by a current of carbon dioxide. These methods are 
quite impracticable. In 1809, J. L. Gay Lussac and L. J. Thenard proposed to 
make soda by the action of steam on a mixture of sodium chloride and silica ; 

If these two compounds are melted together there is very little action, for the salt 
volatilizes before anything but a superficial combination takes place, and the action 
of salt in the glazing of pottery is probably made possible by the aq. vapour in the 
furnace gases.” The sodium silicate formed by the joint action of sodium and 
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steam on siHoa* ie suspended in waW and 
sodium carbonate and gelatinous silica' are fprmedU vTbe propese imitH^bjec^ 
oi patents "W A. Blanc and T. I*^. BdziIIe*(184B), mStsoie (ISSsJ/ W. (^ssaje 
(1862), and T, Williams (1881). In 1848, A. Bohme found that boric aoid decom- 
poses sodium chloride in the presence of steam, forming hydrochloric acid and 
sodium borate ; and L. J. F. Margueritte (1855) patented the process, converting 
the sodium borate by lime into sodium hydroxide and calcium borate, and from, 
the latter the boric acid is recovered by, say, treatment with hydrochloric acid. 
W. Garroway (1889) also devised a modification of the process. T. Greenshields 
(1852) treated a red-hot mixture of gypsum and coal with a mixture of coal and 
sodium chloride. The lixiviated product was mixed with coal and limestone, fused 
in a reverberatory furnace, and afterwards leached with water for sodium carbonate. 
T. Eaynaud (1890) heated common salt with ferrous sulphide in air ; chlorine was 
given off, and the mixture of ferric oxide and sodium sulphide so formed was fused 
with coal. The resulting sodium carbonate and ferrous sulphide were lixiviated 
with water ; the insoluble ferrous sulphide was used over again. 

W. Weldon’s patent (1866) for decomposing sodium chloride by hydrofluoric 
acid, boiling the resulting sodium fluoride with magnesium oxide, and decomposing 
the magnosiiun fluoride by sulphuric acid, has been indicated in dealing with the 
sulphates. £. L. M. Brochon makes hydrofluoric acid act on sodium chloride either 
fused or in soln. According to W. Weldon, sodium chloride can only be partially 
decomposed by treating a sat. soln. with hydrofluoric acid, but a moderately quick 
current of the gas is passed into a soln. of sodium chloride. F. G. Spilsbury and 
W. Maugham (1837) mixed a soln. of sodium chloride with hydrofluoric acid, or, 
better, with hydrofluosilicic acid, and converted the precipitated sodium fluosilicate 
into calcium fluosilicate and sodium hydroxide by boiling it with milk of lime. 
The washing of the precipitates is very difficult. H. le Chatelier and C. Kessler 
patented a similar process in 1858. 

In 1847, R. A. Tilghmann patented a process for making sodium carbonate 
by heating a mixture of sodium chloride (or sulphate) and alumina in a current of 
steam : Al20a-f-2NaCl-l-Il20=2NaA102+2HCl. The sodium aluminate is dissolved 
in hot water and treated with carbon dioxide whereby aluminium hydroxide is pre- 
cipitated, and a soln. of sodium carbonate is formed. The action is not very 
energetic at a red heat, and the use of a higher temp, introduces difficulties with 
the refractories. W. Gossage (1862), J. Hargreaves (1867), and H. Griineberg 
and J. Vorster (1874) patented a similar process to that of R. A. Tilghmann. 
J. Anderson (1867) and A. Kayser (1887-1891) used clay in place of alumina ; and 
R. Lieber (1887) used aluminium sulphate, and, in 1878, a mixture of alumina and 
magnesium sulphate ; M. Swager (1868) used a mixture of sodium and aluminium 
chlorides. C. Kessler (1867) and I. M. Gattman (1868) heated in a current of 
superheated steam and air a mixture of sodium (or potassium) chloride with chromic 
oxide alone or mixed with manganese oxide, chrome iron ore, or lead chromate. 
Sodium dichromate and hydrogen chloride are formed : 4NaCl-f-2Cr208H-2H20 
-+-302=2Na2Cr207-t-4HCl. A mixture of the solid product of the reaction with 
coal is heated to dark redness, when a mixture of chromic oxide and sodium carbonate 
is formed : Na2Cr207-|-2C— Na2C03-i-Cr208-fC'0 ; and 2Na2Cr207+3C=2Ka2C03 
-l-2Cr203-l-C02. The latter is removed by lixiviation with water ; the insoluble 
chromic oxide can be used again. The reaction between steam and the mixture of 
sodium chloride and chromic oxide is very incomplete. J. Hargreaves and 
T. Robinson reduced with hydrogen, carbon monoxide, or the hydrocarbons, forming 
in the first case sodium hydroxide, and in the other two cases sodium carbonate. 

■*’' A. Vogel has shown that sodium chloride can be converted into the oxalate by 
treatment with oxalic acid ; and on ignition, sodium carbonate is formed. When 
sodimn oxalate is boiled with calcium oxide, calcium oxalate and sodium hydroxide 
are produced. Processes founded on these reactions were patented by B. Samuel 
(ia38), L. .J. F. Margueritte (1855), and W. Weldon (1866). G. Bong (1876) used 






thereby 
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ammonium oxalate in place of oxalic acid ; fi. Bohlig recommended magnesl:.; , 
oxalate. According to P. W. Dupr^,^ if .a soln. of potassium sulphate and sodi! 
carbonate sat. at 0*^, be cooled to — 6®, crystals of sodium sulphate, Glauber \s s .i-: 
separate. The same soln. can be again sat. with potassium sulphate and so(11\mii 
carbonate, and the process repeated until the soln, is sufficiently enriched \si;ii 
potassium carbonate. F. W. Dupre also says that in this process better rcsuifs 
are obtained if potassium sodium sulphate is obtained from a mixture of sylvimu' 
and Glauber's salt at atm. press. 

The preparation of alkali carhonaie from alkali sulphate, — In 1786, J. F. Jla'^i Ti 
described the double decomposition between sodium sulphate and potassium 
carbonate in aq. soln., when tlie less soluble potassium sulphate crystallized out 
first, and crystals of sodinni carbonate were obtained from the mother ]i(jui<I. 
According to F. C. Accum, this process was used in London prior to 180K. 
The same process has been described by T. Bergmann, J. F. Westrumb, and 
J. F. W. Nasse, and if the then ruling prices of potash and soda be taken into 
consideration, was not so economically absurd as might at first sight appear in the 
light of our present-day knowledge ; indeed, in 1840, E. F. Anthon reported favourably 
upon his application of the process on a big scale. In another series of processes, 
the sodium sulphate was converted into the sodium salt of an organic acid, and 
the latter calcined for the carbonate - thus, L. F. K. von Crell (1778), and C. A. Millet 
(1812), d. B. Mollerat, and A. Paycn, and W. A. Lamj>adius treated sodium siilphatt*. 
with calcium acetate ; and it. Kirwan (1789) used lead ucjetate — K. F. Anthon (1842) 
found that liarium acetate, and calcium, lead, or barium sulphate was respectivelj^ 
])recipitatc(l, and he evaporated the 8f)ln. of sodium acetate to dryness, and roasted 
the product. F. Frerichs obtained a ])atent for a similar process in 1890, and 
proposed to get acetone from the volatile products of the decomposition of tlie 
sodium ac^etate. J. B. SI. P. (.losson proposed to treat sodium suijiluite wdth cakiuni 
saccharatc, and he decomjiosed the resulting soln. of sodium saccharatc, ])y carbon 
dioxide, into sugar and soflium bicarbonate. W. W. Btaveley heated cahiimi 
carl)onatc witli crcsol or phenol, and sodium sulpliate ; calcium sulphate was pre- 
cipitated, and the aq. soln. of vSodium ])henolate or cresolate was decomposed by 
c.ar])on dioxide. The Chemische Fabrik Griinaii described a similar process using 
a- and jS-naphtliols, etc. 

The prcj)aration of sodium carbonate by heating sodium .sulphate with limestcnio 
and coal will be discussed in a special section devoted to N. Leblanc's ])rocess. 
Potassium carbonate is made by the same ])rocess. In 1783, 11. F. Delius pro- 
posed decomposing sodium sulphate by calcium oxide into sodium liydroxide and 
calcium sulphate. The same ])rocess was used by F. C. Achard, C. W. Scheele, 
and M. IT. Klaproth. P. Claussen (1852) patented the use of the hydroxides 
of barium, strontium, or calcium for a similar purpose, and changed the hydroxide 
to carbonate by exposure to air. E, F. Antlion (181U) showed that the reaction is 
incomidete, and accordingly A. (r. Hunter (1805) and C. M. T. du Motay (1871) 
proi>osed to heat the mixture of lime and sulpliate with w^ater under press. ; 
but D. Hill, M. Reisz, and E. T. Bevan and G. F. Cro.ss did not ol)tain encourag- 
ing result.^, p. Hill found a 1 per cent, conversion without press. ; a 6 per cent, 
conversion with 3 atm. jire.ss. JVl. Fries found the reaction with calcium oxide 
progressed more completely if a little bariuiu carbonate be present— vfdc infra. 
The double decomposition is virtually complete if barium hydroxide be substituted 
for calcium oxide even in cold soln., and this would be an efficient way of making 
soda if it were possible to make barium oxide cheaply enough ; indeed, said 
A. W. Hofmann, when a much pieapcr process for making caustic baryta than any 
at pre.sent known, has been discovered, then the manufacture of alkali will bo 
revolutionized. A patent for the baryta process was obtained by H. P. Fuller 
in 1819 ; he made his baryta by calcining the carbonate, and used the carbon 
dioxide for carbonating the sodium hydroxide. Modifications were proposed by 
E. Samuel, G. Hofacker, A. G. Hunter, W. A. Lyttle, and A. Smith; and the 
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substitutioJi of strontium oxide for'^calcium or barium oiride Has been suggested 
by A. yngerer, G. IL Gray, and F. Eichstadt, Several attenapts .^ihavo been 
made to decompose the sulphate either by fusion with barium (or strontium) 
carbonate, as was done by C. W. G. Kastner in 1826, and E, F. Anthon in 1840 ; 
or by boiling barium (or strontium) carbonate with a soln. of sodium sulphate as 
proposed by L. W, Kolreuter in 1824. In neither case has the result been success- 
ful. The reaction is incomplete because a large proportion of sodium sulphate 
rtmiains undecoiupf)secl, as was demonstrated in 1832. Nevertheless, the reaction 
has been the subject of many patents — C. Lcnriig (1851), W. H. Balmain and 
T. Colby (1856), and M. Nauhardt (1892). H. Rose, ami F. J. Malaguti have 
studied the equilibrium conditions of the reaction ; and W. Spring, the effects of 


[)rcss. 

J. Townsend patented the use of a mixture of barium carlionate and calcium 
oxide for converting the sulphate to carbonate. D. Hill and G. Lunge found that 
tlie reaction is complete with precipitated barium carbonate, but not with native 
carbonate, provided an excess of the carbonate and lime be used, the cost also is 
prohibitive. M. Pongowsky patented the process of converting sodium sulphate 
into carbonate by adding ])owdered limestone to an alkaline soln. of th(? sulphate, 
and treating tlic mixture with carbon dioxide with constant agitation. Calcium 
bicarbonate is forjned, and tliis converts the sodium sulphate into carbonate. 

E, W. Hilgard verified the coiiclusion and suggested the reaction as an explanation 
of the formation of natural soda ; but G. Lunge showed that dil. soln. are required, 
and on eva|)oration, the reaction is reversed. H. Taylor (1851) used barium bi- 
carbonate under similar conditions ; and R. von Wagner showed that a clear soln. 
of barium bicarbonate dec-<nnpo8CS sodium sulphate, forming barium sulphate and 
sodium bicarbonate, and tliat a comparatively small proportion of the bicarbonate 
will complete the reaction between barium carbonate and sodium sulphate. 

F. Kuhbnann obtained better results by inerejising the press. The cost of the process 
renders tlie ])roccss unable to compete with the amnionia process. Patents have 
been obtained ])y G, Lunge (18()(>), W, Bramley (1886), and W. von Baranoff 
(1895) for modifications of this ])rocess. J. L. Smith prepared potassium carbonate 
by shaking for an hour a mixture of calcium carbonate with a soln. of potassium 
sulphate sat, with carbon dioxide. H, Jannasch also patented the preparation of 
potassium carbonate from kainite by treating potassium sulphate with witherite. 

K. A. Tilglimanu (1817) and E. yiermann (1878) ])roposed converting sodium 
su]j>hate into carbonates by a [U’oe^ess l)ased on this fact, that while a mixture of sodium 
sulphate and alumina is not decomposed even at a white heat, a reaction occurs 
if steam be ])Tesent. Bauxite behaves similarly, while iron oxide acts bettor if 
the tenq). be very high. Sodium aluminate is formed. The reaction is incomplete, 
for there is only a 40 per cent, conversion of sodium sulphate into the aluminate. 
An aq, soln. of the product can be decomposed by carbon dioxide into alumina and 
sodium carbonate ; or, according to G. and F. Lowig, by treatment with milk of 
lime. V. K. Llaiis obtained better results with reducing gases ; IL M. Baker 
mixed the alumina with coal ; I). A. Peniakoff, with pyrites : J. G. H. Behnke and 
E. Fleischer used a mixture of sodium sulphate, coal, bauxite, and ferric oxide* 
The furnace operations involved in these processes severely corrode the refractory 
linings. 

A. Baudrimont and J. Pelouzc (1833) fused the sodium sulphate with galena or 
zinc blende and formed the alkali plumbate or zincate, and J. B. M. P. Closson 
boiled a soln. of sodium sulphate with milk of lime and lead oxide. The plumbate 
can be decomposed by sul])hide, carl>on dioxide, or by electrolysis. The St. Gobain 
Co. patented a process in which sand, coal, and sodium sulphate are heated together ; 
water-glass is formed ; and a .soln. or suspension of that salt in water is decomposed 
by carbon dioxide or by milk of lime. J, Simpson (1890), J. C. Ody (1892), 
N. Basset and W. von Baranoff (1894) decomposed a soln. of sodium sulphate by 
<‘aIciuTn phosj)hate in dil. acid. The soluble sodium phosphate which is formed 
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with milk of lime* gives a 

prtfodium ,0^ 

in place of the calcium salt/' FV Qiitz^^ decomposed a soln of ^dium sulphju- 
^: with calcium bisulphite; calcium sulphate is precipitated and a solii, of sodii,).. 
sulphite is formed ; the sodium sulphite is decomposed by milk of lime, formin 
calcium sulphite and sodium hydroxide. J. J. Alsberge proposed an analog<jus 
cycle with calcium oxalate and sodium bisulphate. In W. Weldon's and F. 
processes, the sulphate (or chloride) is treated with barium sulphide, a soln. of potusi 
sium sulphide, and a precipitate of barium sulphate are produced. This reactioi; 
was the subject of a patent by the Chemische Fabrik Buckau. The sulphide soln. 
was evaporated to a sp, gr. of 1*16, and treated with carbon dioxide, which convert.^ 
the sulphide to carbonate with the evolution of hydrogen sulphide. The potassium 
carbonate is recovered by evaporation. 

P. Romer mixed a hot cone. soln. of equi-molecular parts of potassium sulphate 
and dichromate with enough milk of lime to precipitate the combined sulphuric 
acid as calcium sulphate. The precipitate was removed from the soln. of potassium 
chromate : Ca(0H)2+K2S04+K2Cr207=-2K2Cr04+Ca&04+H20. The soln. was 
evaporated until it was sat. between 35^ and 40°, and treated with carbon dioxide, 
which converted the chromate to dichromate and hydrocarbonate : 2K2Cr04+2C()2 
+H20=2KHC03+K2Cr207. The purification of the soln. of potassium hydro' 
carbonate was effected by repeated evaporation and saturation with carbon dioxide. 
The process can also be employed for kainite, schonite, sylvinite, etc. 

The prepandioyi of alkali carbonate from alkali sulphide reduced from the sulphate. 
— According to J. Mactear,i® the note-books of Tennant's works, dated about 
1800, say that sodium carbonate can be made by heating sodium sulphate witli 
coal, and that when the product is lixiviated, evaporated for crystallization, and 
again calcined, the product becomes richer in carbonate ; J. von Liebig made an 
analogous proposal to the same firm in 1839. and stated that when the calcination 
is made at 300®, the sodium oxalate and acetate first formed are decomposed into 
the carbonate. The failure of the process was ascribed by J. von Liebig to the 
reaction following a different direction to the way lie thought it would go, viz., 
2Na2S04d-4C— Na2C03+Na2S2+2C02+C0. W. Grossage (1869) tried to make 
sodium hydroxide by running melted sodium sulphate through red-hot coke — the 
sulphur was supposed to be liberated in a free state. In N. Leblanc’s process, to 
be subsequently described, the sodium sulphate is converted into carbonate by 
heating it with admixtures of coal and calcium carbonate. G. Reinar (1858) 
proposed to use barium carbonate in pl^ace of the calcium carbonate in N. Leblanc’s 
process in countries where native barium carbonate ‘‘ occurs in large quantities. ’ 
There are few places where barium carbonate does occur in large quantities ; a 
greater weight of material has to be Jiandled for a given result ; and, as R. von Wagner 
showed, the results are unsatisfactory with a large excess of barium carbonate 
since sulphide accumulates in the liquors. 

In 1778, Pfere Malherbe ignited sodium sulphate mixed with charcoal and 
iron in a reverberatory furnace, and lixiviated the cold mass with water to get the 
sodium carbonate. F. E. Siemens (1828) usexi a mixture of manganese dioxide 
and iron for decomposing the sodium sulphide, and E. Kopp (1854) substituted 
ferric oxide for iron in Pere Malherbe’s process. According to E. Kopp, the re- 
action progresses: 2Fe203+3Na2S04+16C=lira6Fe4S3+14C0-4^2C02, followed by 
Na3Fe4S3+02*^^2C02— Na2Fe4S3+2Na2C08, When the supposed Na2Fe4S3 is 
oxidized in damp air and calcined the end products are Na2Fe4S3+702=2rc203 
+Na2S04+2S02. On the other hand, A. Stromeyer says the double sulphide 
arising out of the process is Na2S.2FeS, i.e, Na2Fe2S3, and not E. Kopp’s NaeFe4S3 ; 
and he represents the reaction : 2Fe203-f 6Na2S04-l-13C— 2Na2Fe2S3+4Na2C03 
+900.2. A. Stromeyer says E. Kopp’s second equation cannot be right because, 
while this double sulphide is decomposed by water furnishing a clear soln. of sodium 
carbonate, the precipitate retains variable quantities of sodium sulphide, and, if 
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oicyg0l^ sodium thiosulphate is formed ; with carbon (Uoxide^ also some 

hydrogen sulpliide is always evolved. A. W. Hofmann has reporibed : 

Although E. Kopp’s process is irreproachable so far as regards the conversion of sodium 
sulphate into carbonate (this is certainly not tho case !), yet it is very defective with respect 
to the re-utilization ot tho sulphur ; liis sulphide of iron contains too much sodium sulphide 
to yield, when burnt, any considerable quantity of SO 2, whirli, moreover, is accompanied 
by an enormous bulk of nitrogen, corresponding to tho oxygen combining with tho iron and 
tho sodium sulphide. Its utilization in vitriol-chambers wouhi bo out of the <iiie.stion, 

M. Waldeck has also shown tliat the wear on the fireclay or cast-iron linings of the 
furnace is very severe and costly, this fact, coupled with the bad yields, explains 
why E. Kopp's process could not succeed against N. Leblanc’s process. J. Bowron 
and G. Robinson (1803), T. Macfarlaiic (1863), J. Hargreaves and T. Robinson 
(1872-3), M. Letelie (1891), and P. C. Don (1870) jiatented modifications of 
E. Kopp’s or Pere Malherbe’s processes. H. M. Baker (1870) heated salt-cake with 
coal and clay or alumina to form sodium aluminate whicli was decomposed with 
carbon dioxide for aluiriinium hydroxide and sodium carbonate. 0. R. Claus 
(1869) proposed desulphurizing sodium sulphide by heating a mixture of eq. quan- 
tities of sodium fluosilicate and sulphide in steam: Na28iF0-l-2Na2S4'2H2O 
=()NaP+Si02H-2H2H. The hydrogen sulf)hide is collected and utilized, and the 
mixture of silica and sodium fluoride is treated with calcium hydroxide or carbt^nate 
to form respectively soluble sodium hydroxide or carbonate, and insoluble calcium 
fluoride mixed with silica. The insoluble residue is mixed with liydrochloric acid 
and then witli sodium chloride and sodium fluosilicate is regenerated. 

R. Laming (1859) proposed passing a current of steam and air through a heated 
mixture of coal and sodium sulphate until no more hydrogen sulj)hide escapes, and 
then recovering the sodium carbonate by lixiviation. A. Vogt and A. Figge treated 
porous briquettes, made of salt-cake with clay or lime, or magnesia or silica, at a 
red heat with carbon monoxide to reduce the sulphate to sulphide, and then with 
carbon dioxide to convert the sulphide to carbonate. A. Kayser, A. B. Young, 
and H. Williams (1885) claimed that a mixture of earboir monoxide and dioxide 
converts sodium sulphate, at a dark red heat, into sodium carbonate. W. Smith 
and W. B. Hart did not get good results. G. Lunge has also reported on the process 
as applied on the Ilautmont Chemical Works. C. R. Claus (1880) and G. E. Davis 
(1887) used water gas for reducing the sodium sulphate to sulphide ; and used 
carbon dioxide alone or with steam for converting the sul{)hide to sulphate. 
A. E. Fletcher (1873) also reduced sodium sulphate by heating it in reducing gases, 
and converted the sulphide to carbonate by carbon dioxide. A. G. Haddock and 
J. Leith (1890) converted the calcium sulphide, CaS, in alkali waste to the hydro- 
sulphide, Ca(SH)2, by treating a slurry of the waste with hydrogen sulphide. Cone, 
soln. of sodium sulphate and calcium hydrosulphide gave a precipitate of calcium 
sulphate and a soln. of sodium hydrosuljihkle which is converted by carbon dioxide 
into sodium carbonate. Half the escaping hydrogen sulphide is used for converting 
a fresh quantity of alkali waste, and the other half is available for other uses. Thus 
half a given quantity of salt-cake is worked up by tho Leblanc process, and half 
by the proposed process. Tlie process offered many theoretical advantages which 
did not materialize in practice. 

J. A. C. Gren observed that an aq. soln. of sodium sulphide is decomposed by 
carbon dioxide forming sodium carbonate with the evolution of liydrogen sulphide ; 
and if the stream of carbon dioxide be continued, sodium bicarbonate is formed. 
Over fifty patents based upon these observations were obtained. E. Berl and 
A. Rittener have studied the action of carbon dioxide upon sodium and calcium 
stilphides. The reaction is by no means simple, for a great proportion of the sodium 
is converted into bicarbonate before the whole of the sodium sulphide has been 
decomposed ; indeed, hydrogen sulphide still escapes even in the advanced stage 
of the process, where the sodium is almost entirely present as bicarbonate, and the 
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sulphide is complotely decomposed only when all the sodium has been convfui. i 
bicarbt>iiate. Carbonic and hydrosulphuric acids are of nearly equal j \ .m,] 
the effects are influenced by the mass action of each. The first stages in tin* 
of carJ)on dioxide on sodium sul])hide and hydrogen sulphide on sodium 
furnish the sajiio products: Na2S4 C02"l H2O— NaSH+NallCOs ; and .m). 
d-HoS^^-NaHS t NallCOa- There is then a balanced reliction:* NallCC; fcs 
;F^NaSH+C02+H20 ; at higher temp, sodium carbonate as well as sodiutn i j. .u. 
bonate, appears, and sodium sulphide, as well as sodiiuu hydrosulphide, is fcruM d 
The constant of division K in the condition of equilibrium: [Nan(.'0..|| ! l.,SJ 
:-^y\fNall8]l HoC(>d' is 2*16 at ll"", and it diminishes witli a rise of toni]) ' a iurJi 
tlius favours the formation of sodium hydrosulphidc — at 18'', A" =^-2 01 1 »!S ; 

at 55'^, A -0*90 ; at GO"^, A— 0*90 ; and at OO"", A---0*5G. It was also ub^' i vnl 
that when ^50 per cent, carbon dioxide is used for decomposing the sodium sulphide, 
the proportion of hydrogen sulpliide in the gas jdiase remains almost to the end 
of the reactions above the minimnm required for the combustibility of li}'di(*Lieri 
sulphide to sulphur dioxide and water, whereas in the action of carbon dioxide, on 
sodium siil})hide, this limit is exceeded only in the early stages. 

The fact that in t)rder to convert sodium sulphide to the carbonate, H. L. Duluiuiel 
du Monceau and A. 8. Marggraf treated sodium sulphide with acetic acid, and ignit(‘d 
the product for the carl)onatc, is of mere historical interest. W. (rossag^j (ISVO) 
]>ro])osed suj>erhea ted steam ; J. Wilson used sodium bicarbonate : Na^S !-2NallC();i 
- -2Na2CO;j'l HoS. Although several ])atenfs — C. F. Werckshagen, and C. Bdliriiigei 
and U. Clenmi have l)e('n obtained for this princi])le, the reaction is incoiiijileU*, 
and requires a large excess of the carbon dioxide. J. Redder (1894) heated the 
sulphide with coal : 2Na28 |-2(’ | 50o'-=2Na2G();rl-lJ»S()2. C. M. T. du Motay (I870) 
used sodium or calcium Jndroxide ; R. Laming (1809) used ainmonium carboiiutc, 
(r. (;icnim ( l8o:3) used niagnosiuni ( arbonate. G. E. llabifdi (1856), T. Cott rill (ISV)), 
and K. do la 8ou<‘liore (1<S78) used native iron carbonate ; but that iniueriil acts 
too slowly and incomplcdely to be of much practical use. R. von Wagner 
and E. 8iernianii (1878) proposed to use alumina. A. R. Arrutt (LSotl) patented 
the use of ferric or manganic oxide in the uet wav, and modifications were patented 
f)y W. Gossage. (18:)9), J. Wilson (18:38) ; and P. Loiuoiilt (1907) and K. Ellershatiseti 
(18!K)) used sodium ferrite, wJiicli acts much more quickly tliaii feirie 

oxide. AV. II. (!Iayfield (180 J) proj>oscd to use lead, ;2inc, or their oxides for con- 
verting alkali sul)diat(*s into the hydroxides and ultimately into the earboiiates. 
L. I\)ssoz (1858), E. A. Parnell (1870), 0. Crockford (1871), and F. P. E. d(,‘ Lalaiide 
(1887) also recommended zinc oxide for the desulphurization of sodium sulphide, 
and 11. W. de Stuckic (1904) recomiiKurded sodium zincate. In 1829, C. P. Pruckn(*r 
obtained a prize offered by the Academy of Sciem'e of >St. Petersburg for the following 
process : 

Sodiuiii clilorido with arnnioiiium .sulyilmte is <loeo/nposed inlo sodium sulphate and 
ammonium chloride. By ijjjnition with coal the sulpluite is nduced to sulphide; and its 
soln. is boiled with cop]>ursmiths’ scales (Cu.,0) till all tlie sulphur has boon prcc*i})itatcd 
as copper sulphide and only caustic soda remains. The formca’, by gentle roasting, is con- 
verted into cuj>ric sulphate, or more strongly heated till only CuO remains ; the escaping 
SOo is conducted into aimnonia-li<(uor, obtained by heating the ammonium chloride of 
the first operation with lime. The ammoniiim sulphite remains in contact with the air 
till it has bce>u converted into suljdiattJ, and can servo for again decomposing common salt. 

Patents for somewhat analogous process wore olitained by M. Poole (1839), W. Hunt 
(1840), M. W. Johnson (1852), E. A. Bazin and AI. Wilden (187G), and E. Al'Clintock 
(18G1). 

The preparation of alkali carbonate from alkali nitrate.— sodium nitrate 
required for the nuinufacture of nitric acid, and for the sulphuric acid chambers is 
converted into nitre -cake —sodium acid sulphate, and is utilized as salt-cake in 
making alkali. Many of the proposals for converting sodium nitrate into the 
carbonate, really aim at getting the alkali as a by-product in the manufacture of 
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nitric acid, in a more convenient form for converting it with the hydroxide or 
carbonate. H. L. Duhamel du Monceau (1735), and A. S. Marggraf (1702) knew 
that when a mixture of coal and nitre is deflagrated and the product lixiviated with 
water, a soln. of sodium carbonate is formed. F. Brown (1884) and A. and G. Freda 
and M. Patroni (1890) patented the manufacture of alkali carbonates from nitrate-s 
and charcoal. 

H. W. P. Wackonrodor juvparo*! what he called nitrum Juuni either by j>roje(;tinf< 
powdered charcoal in small portions at a tinio on fused nil re until detonation no longer 
occurs, or by adding a niixturo of nitre witfi one-third its weight of charcoal in small portions 
at a time to a red hot crucible. The resulting carbonate extracted with water contains 
some nitrite, silicate, and cyanide as impurities. K. Kiogel and J. Zinkeiisen used a similar 
process, and cahunod the mixture 1 5 min. H. VV^ F. Wackenroder also made what he called 
Jitixus albuH, or white flu . liy igniting a mixture of equal parts of potassiura tartrate and 
nitre ; the product is w'hi(<% an<l since insufficient carbon is present to reduf'C' all the rutrato — 
the product contains both nitrate and nitrite, as well as carbonate ; if twice as much 
tartrate be used, the product was called fluxus nigrr., or black flux. The potassium carbonate 
can be extracted from the mass witfi water. 11. W. F. Wackenroder found the product 
contained some cyanide, but some cyanato was also present. 


By (Iccomjjosiii^ Hodiiini nitrate at 80()M)0l)" with hydrocarfion gases, 
.H. E. Baudoin ami E. T. Jl. Defort propose to make sodium carbonate, aiumouia, 
and carlion dioxide. C. Wdllner proposed decomposing the nitrate liy ignition 
with copper ; E. Pollacci, with iron ; W. C. Brown, with lead ; and D. Jlill, with 
zinc. L. Mond (1802) projiosed ]u*eparing nitric acid by heating sodium nitrate 
wdtli basicv or indilTererit substances like the oxides of iron, manganese, copj^er, 
cohalt, or ni(*kel, and working the residues for sodium hydroxide. E. JL J^yte 
used ferric oxide ; tl. Lung(i and E. M. L}d;e manufactured white lead, and obtained 
sodium hydroxide as a liy-product. E. Wohler showed that the ignition of a mixture 
of sodium nitrate and manganese dioxide, Avithout access of air, gives a lower oxide of 
manganese and sodium liydroxide without a trace of sodium manganate being formed ; 
J. B. Glauber (1048) reported that the ignition of a mixture of saltqietre and clay 
gives nitric acid ; E. Kcicli also noted that the nitrate is decomposed by silica ; 
and E. von Wagner, b}. alumina — in the one case sodiinn .silicate, and in the other 
case sodium aluininate are formed ; and in both cas(‘s nitric, acid is given off. The 
solids can he converted into sodium hydroxide and silica or alumina respectively 
by tieatmciit with tiarbon dioxide. Patents were obtained by H. M. Baker, 
J. II. l\)ole, and W. E. 8tace, and by W. Garrowray for similar proees.ses. One 
difficulty is to obtain a suitable refractory capable of withstanding the corrosive 
action of the fused mixtures. A similar objection applies to attempts to treat a 
heated mixture of sodium nitrate and calcium carlionate by steam as proposed 
by I. Walz and by K. Licber. Almost the t}ieor(?tical yield of nitrici acid is obtained, 
aiul the mixture of sodium carbonate and lime used for making sodium liydroxid(\ 
G. Lunge found even [ilatiiious vessels were destroyed in a short time. A. Vogt 
heated sodium nitrate Avith quicklime in a stream of steam and carbon dioxide 
at 350°. I’he nitrous fumes escajie and are oxidized to nitric, acid ; the lixiviation 
of the residue gives sodium carbonate. W. OarroAvay used a similar process with 
quicklime, baryta, strontia, or magnesia and sodium nitrate. F. Kuhlmann healed 
a mixture of sodium nitrate and magnesium or calcium sulphate ; th<^ nitrous 
fumes which escaped wgvg oxidized to nitric acid, and sodium sulphate was obtained 
as a by-product. M. Leuchs (1844) was the first to propose making potassium 
nitrate by the mutual decomposition of soln. of chemically eq. quantities of sodium 
nitrate and jiotassiuni carbonate. K2C03-f-2NaND3^2KN03+Na2C0;j, and details 
of tlie process have been described by E. G. Gentele, F. Kuhlmann, P, Bolley, 
f ^ Wollncr, G. Schnitzer, C. Schwarz, and H. Griineborg. G. Lunge also suggested 
the manufacture of potassium nitrate by the actions of potassium hydroxide on 
sodium nitrate, wdth sodium hydroxide as a by-product. There is an impracticable 
®^8g®stion patented by F. S. M. de Sussex to decompose sodium chloride by nitric 
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acid, and convert tlie sodium nitrate into carbonate. There are also propoLsals . , 
apply the ammonia or Solvay process to sodium nitrate by G, T. Gerlacli (1,^; 

A. M. and J. F. Chance (1885), and A. Colson (1910). 

The preparalion of the alkali carbonates by the electrolysis of solutions of the chloml 
— The methods of preparing the alkali carbonates by the electrolysis of soln. . . 
the clilorides has been in part discussed in connection with the electrolysis of tin . . 
soln. for chlorine, chlorates, and the alkali hydroxides. Modifications are recjuin .i 
for carbonating the caustic alkali. J. Marx^^ and W. Hempel showed that if ,i 
current of carbon dioxide be passed in the cathode liquid during the electrol} si.s oi 
sodium chloride, chlorine and sodium carbonate are formed ; the hydrogen fon)H‘<i 
at the same time can be combined with the chlorine to produce hydrochloric acid 
T. Parker and A. E. Kobinson suggested keeping fatty acids in the cathode chamh^ j 
during the electrolysis of a aoln. of sodium chloride and decomposing the soap 
which rose to the surface by carbon dioxide. E. Ifermite and A. Dubose electrolyzed 
the alkali chloride soln. in the presence of alumina or aluminium chloride so that 
alkali aluminate was formed at the cathode. The salt was there decom])osc(l by 
carbon dioxide. W. Spilker and C. Lowe placed an anode in a soln. of alkali chloride^, 
the cathode in one of alkali carbonate ; a fresh soln. of the alkali chloride was 
continuously introduced into the former, and carbon dioxide into the latter. Chloriin' 
was produced at the anode. 

The impurities in commercial alkali carbonates.- Sodium carbonate ])repared 
by Leblanc’s process may have sulphate and chlorides^ as impurities as well as 
thiosulphates, ferrocyanides, and calcium car]>onate. (’ryolite vSoda may have 
alumina. G, H. Bauer ^3 found magnesium carbonate in some commercial sodn. ; 
K. Fresenius, arsenic and selenium ; il. Wurtz, silicate and phos])luite ; A. le 
Eicque de Monchy, organic matter ; C. F. Eammelsberg and A. Baumgarton, 
vanadium and fluorides; A. Lecrenier, titanium, molybdenum, tantalum, nickel, 
and cobalt. If the alkali carbonate is free from salts of the heavy uncials, aq. soln. 
(1 : 20), acidified with hydrochloric acid, will not be afh^cted by soln. of hydrogen 
sulphide ; if free from chlorides, the aq. soln. acidified with nitric acid, wdll not give 
an opalescence wdth silver nitrate ; if free from sulphates, the aq. soln. when acidilied 
with hydrochloric acid, and boiled wdth a soln. of barium chloride, will give no 
turbidity on standing some hours ; and if free from sulphides, sulphites, or thio- 
sulphates, the yellowish-white proeijiitate obtained by pouring one c.c. of the aq. 
soln. into 10 c.c. of ^AT-silver nitrate soln. should not become darker in colour 
(grey, brown, or black) when heated to 60''-70''. The xjresence of nitrates is detected 
by the ferrous sulphate test ; and phosphates, by the ammonium molybdate tost. 
Potassium cyanide is detected by dissolving 0*5 grin, of ferrous sulphate in 5 c.c. 
of water, adding 5 c.c. of a 5 per cent. soln. of the carbonate, and one or two 
drops of ferric chloride, warming to 60'" or 70*'’ ; and acidifying the soln. with 
hydrochloric acid. A green coloration or a blue precipitate should not appear. 
To test for silica, evaporate to dryness a soln. of 5 gnus, of the carbonate with 
20 c.c. hydrochloric acid and 20 c.c. of water ; dry the residue at 120'*, and dissolve 
in a soln. 25 c.c, of vrater and 3 c.c. of hydrochloric acid ; the soln. should be clear. 
To test for alumina, add 12 c.c. aqua-ammonia to a soln. of 5 gnus, of potassium 
carbonate in 25 c.c. of water, and 25 c.c. of dil. acetic acid, and warm the mixture 
for half an hour on the water-bath — no precipitation should occur. The alkaline 
soln. will give no turbidity with oxalic acid if calcium salts be absent. Anunonium 
salts are detected by Nessler’s test ; arsenic, by Marsh’s test ; iron salts, by the 
ammonium thiocyanate test. 

The purification oi sodium carbonate. — ^According to J. L. Gay Lussac, sodium 
carbonate is obtained of a high degree of purity by repeatedly crystallizing the 
commercial salt. l"he soln. obtained by dissolving the crystals in a little water, is 
boiled and treated with part of calcium liydroxide, and the clear soln. is then 

rccrystallized until the crystals are free from sulphate and chloride. The soln.* is 
best agitated when the crystals are forming, so that the finely granular product is 
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more easily separated from the less pure mother liquid. The anhydrous carbonate 
is best obtained from the hydrocarlx)nate because the hydrated carbonate during 
ignition first melts in its water of crystallization, and consequently gives some 
trouble, and also because the liydrocarbonate has a low solubility in water, and 
can be readily obtained free from sulphates and chlorides by washing the granular 
salt with distilled water, or by recrystallization from a soln. of the salt in five 
times its weight of water. 

A. Gawalowsky purified the commercial salt by boiling it with freshly precipitated 
lead carbonate, adding sodium hydrocarbonate to the decanted liquid, and evaporat- 
ing in vacuo, when sodium hydrocarbonate crystallizes out. The mother liquid 
is evaporated, and the first washings rejc(?ted. The main fraction is redissolved, 
crystallized from water with refined wood charcoal, and filtered through platinum 
wool. 

The preparation o! lithium carbonate.— C. G. Gmelin noted that transparent 
lithium hydroxide gradually becomes opaque on exposure to the air owing to the 
absorption of carbon dioxide. J. J. Berzelius prepared lithium carbonate* Li 2 C 03 , 
by adding barium acetate to a soln. of lithium sulphate, evaporating the filtered 
liquid to form lithium acetate, and c alcining the acetate to form the carbonate ; 
L. Troost treated with carbon dioxide tlie lithium oxide obtained by heating 
a juixture of lithium nitrate and copper. J. J. Berzelius also prepared lithium 
carbonate by treating a cone. soln. of lithium chloride with an excess of ammonium 
carbonate, and washing the proedpitated carbonate with alcohol. J. S. Stas 
cmj)loyed the last-named process, for he poured a soln. of lithium chloride (1:1) 
into an excess of a soln. of ammonium carbonate in aqua ammonia, and heated the 
mixture on a water-bath so long as the precipitate did not increase in bulk. About 
half the lithium in the original soln. was thus obtained as a granular precipitate : if 
the precipitation be made in the cold, about one-third is obtained in a slimy form 
difficult to wa.s)\. The granular precipitate was washed with dil. ammonia. If 
tlic precipitation be made with sodium or potassium carbonate, L. Troost showed 
that these alkalies cannot be removed by washing. To purif}'^ the lithium carbonate 
so obtained, L. Troost and »]. S, Stas both recommended dissolving it in vrater 
through which a stream of carbon dioxide is passed, and then boiling the soln. 
Crystalline lithium carbonate is precipitated. It is to be dried at 200'". F. Stolba 
has also described a method of purifying tlie salt. The slow evaporation of aq. 
soln. of lithium earbonate gave A. Arfvedson small prisms; L. Kralovansky, 
small cubes. F. A. Fliickigi^r also obtained crystals a millimetre long by evaporating 
on the water-bath, a soln. sat. at ir>^. 

The preparation of rubidium and ceesinm carbonates. —B. Bunsen made 
rubidium carbonate by treating rubidium sulphate with barium hydroxide, and 
evaporating the filtrate to dryness with ammonium carbonate, when crystals of 
the carbonate sej)arate. R. Bunsen also transformed rubidium chloride into 
carbonate by first heating the chloride with nitric acid to convert it into the nitrate, 
and then treating the latter with an excess of oxalic acid. The oxalate is con- 
verted to carbonate by calcination. H. L. Wells made ciesium carbonate by 
L. Smithes process, viz., by evaporating to dryness a mixture of caesium nitrate with 
twice as much oxalic acid, dissolved in a little water, and calcining the residue in 
a platinum crucible. Ca'sium carbonate forms a syrupy liquid which crystallizes 
with difficulty. 
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§ 29. The Manufacture of Soda by N. Leblanc’s Process 

'rho manufacture of soda is one of tho groatest if not the greatest of the benefits whh-h 
modern science has conferred upon humanity.— -A. Ana.8tasi. 

Near the end of the eigliteenth century the difference between the two fixed 
alkalies- * -potassium and sodium carbonates — was known; sodium carbonate hartlbf 
was largely made from tho ashes of sea plants, and potash from the ashes of land 
plants. The Arabs also had brouglit some natural soda into Europe, vi& Spain 
These 8oui>;c8 were not sufficient to cojie with tho demand for alkali for the manu 
facture of soap, glass, etc. Potash was at that time the cheaper and dominant 
alkali. With tho steadily increasing demands for alkali and the very limited 
sources of supjily presented liy the incineration of wood, many attempts were 
naturally made to substitute the base of common salt, because that with a suitable 
method of extraction nature has provided inexhaustible, abundant, and cheap 
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stores of that salt as a raw material. The quest for a cheap method of extracting the 
basal alkali from common salt was stimulated by the offer of a prize of 2400 livres 
by rAcculSmie des Sciences of Paris in 1775, for the manufacture of artificial soda 
from common salt. The first claimant was Pire Malherbe in 1778, who calcined 
a mixture of sodium sulphate, metallic iron and charcoal in a reverberatory furnace, 
and extracted the soda from the cold product by lixiviation with water. A factory 
was started at Javel in 1779, but was short-lived. 

In 1781, Bryan Higgins patented a similar process in London ; in this, sodium 
sulphate was melted with charcoal and then mixed with iron or other metals. 
A day after B, Higgins’ patent, A. Fordyco patented a similar process in which iron 
oxide — ^the calx of iron — was used instead of iron. G. de Morveau and M. Carny 
erected a factory for making soda by a process based on C. W. Schcele’s observation 
that when a mixture of common salt and lime is exposed to the air, an efflorescence 
of soda gradually develops on the surface. About the same time, M. de la Metherie 
proposed to ignite sodium sulphate with coal, and to extract the carbonate from the 
product. The sulphurous vapours given off were to be used for the manufacture 
of sulphuric acid for converting the sodium chloride into sulphate. Unfortunately, 
sodium sulphide, not carbonate, is the main product of the reaction. None of 
the factories erected for the application of these processes had any success, and 
could not compete with barilla in price or quality. 

M. de la Meth^ric’s impractical j)rocess suggested to Nicolas Leblanc, about 
1787, the proper soln. of the jnoblem, and, after a favourable report had been 
made by J. P. J. d’Arcet in 1790, a works was erected at St. Denis under the 
patronage of tlie Duke of Orleans. A sealed description of N. Leblanc’s process 
was deposited with the notary on March 27, 1790 ; and a patent was granted 
to N. Leblanc on Soj)tember 25, 1791. The essential features of the process therein 
described are not very different in principle from the process as used to-day : 

100 lbs, of aobydrouR sodium sulphate, 100 lbs. of pure limestone or chcdlc from Mendon, 
and 50 lbs. of charcoal are crushed and mixed between iron rollers. 'J"he mixture is spread 
out in a roverberatoiy furnace, the working-holes are closed, and tire is applied ; the 
substance gets into a pasty condition, froths up, and is converted into soda, which is only 
distinguished from the soda of commenjc by a higher strength. The mass must be fro- 
fpiently stiiTod up during the fusion, for which iron rakes, spatulas, etc., are employed. 
From the surface of tho fluxing mass a large number of flames break forth similar to the 
name of a candle. As soon as this phciionienon begins to cease, the operation is finished. 
The batch is then drawn out of tho furnace with iron rakes, and can bo collect<^d in any 
kind of moulds in order to give it tho shape of tlie commercial blocks of soda. The opera- 
tion may also bo carried on in closed vessels, such as crucibles, but thereby becomes more 
costly. Tho proportions of the raw materials may bo changed ; for instance, less limestone 
and coal may bo taken ; but tho above proportions have given tho best results. Tho 
quantity stated furnishes upwards of 150 lbs. of soda. 

The factory prospered very well until 1793, when the Duke of Orleans was 
guillotined by the French Revolutionists, and the works confiscated and scattered 
by public sale. The isolation of the French as a consequence of the revolutionary 
wars cut off the supplies of potash, and curtailed those important industries depen- 
dent on this raw material. The Comite de salut public issued an appeal to the 
French chemists to utilize all materials natural to their own country so as ‘‘ to 
render abortive the efforts and liatred of despots ” ; this committee also Jirinulled 
N. Leblanc’s patent, and, for the benefit of the state, compelled N. Lei Jane ^ to 
make known his process for manufacturing soda. Tho tragic story of tho min of 
N. Leblanc is told by A, Anastas! in his work Nicolas Leblanc, sa vie, ses travaux 
et Vhistoire de la soude artificielle (Paris, 1884). Although N. Leblanc fairly won 
the Academy’s prize, it was never paid over to him ; nor did he receive any more 
than the mockery of a compensation for the confiscation of his works and his 
process. N. Leblanc, in the bitterest poverty and despair, died by his own hand 
January 16, 1806 ; eighty years later a statue w^as erected to his memory in the 
Conservatoire des Arts et Metiers, at Paris ! 
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Other alkali works using N. Leblanc’s process were started in Paris, Din; .. 
Thann, Chauny, Alais, and Marseilles— the centre of the French soap indusi- 
These works were more successful. In England, W. S. Losh,*of Walker-on-Tv t 
vivsitcd France during the Peace of Amiens (1802), and there learned necessai v 
details about N. Leblanc’s process, and, in 1814, he made small quantitif s 
of soda by the French process. C. Tennant, of St. Rollox, introduced the pro< 
in 1818. The salt tax, at that time £30 per ton, hindered the developmetit of Mh* 
soda industry, and when that tax was repealed, James Muspratt commenced 
manufacture on a large scale. This was done in 182.3. There was a dilliciilty nt 
first with the soap-makers accustomed to work with barilla and kelp alkali. AlthouKli 
the new soda was purer and stronger, prejudice had to l)e overcome by J. Muspratt 
giving away large quantities. Once the soap-maker's reci])es had been adapted 
to the new soda, the demand for the Leblanc soda was very great. Apart fnun a 
few Avorks in the Midlands and Scotland, the alkali industry is concentrated in South 
Lancashire and Tyneside, where coal and salt were close at hand. In Germany, 
the first Leblanc soda was made at Schonebeck near Magdeburg— tlie output in 
1843 was 200 tons per annum — another small works was ostablisliod at Rlngkuld 
near Cassel, and later still, numerous alkali works wcu'c estaldislied in various parts 
of the country. The first alkali works in Austria was erected in 1851 at. llruscliau 
(Moravia) ; a second one, about the same time, at Petrowitz (Silesia) ; and another, 
the largest of all, at Aiissig in 18r)(>. The Leblanc soda prorc'SH for the couversiem 
of common salt into sodium carbonate involves three major operations : (1) Tlie 
conversion of sodium <*hloride to the sulphate- salt-cake process. (2) The con- 
version of the sulphate to l)lack ash — a mixture of calcium sulphide, sodium car- 
bonate, etc. (3) The extraction of so<lium carl)onate from black ash l)y lixiviatioii 
with water and subsequojit crystallization from the ari. soln. 'riu^ various opera- 
tions have been descrilxMl in much detail in G. Lunge's /I Theoretical and Practical 
Treatise on the Manufacture of Sulphuric Acid and Alkali (Jjondon, 181)3). 

(1) Conversion ol sodium chloride into sodium sulphate salt-cake- The 
first' stage in the pro(‘Css is to convert the sodium cldoride into st)dium sulphate by 
the action of sulpliuric acid. 

Half a ton of salt is charged into large iron pans---0 to JO ft. in diameter, and 2 ft. 
doop — and an equal widght of .sulphuric acid of sp. gr. 1 7 , from (J lover’s acid tower is run 
into the pan from a lead cistern. The j>an is heated hy hot gases from adjacent furnaces, 
when torrents of hydrogen chloride — pan-gan — are given off. 'flio reaction is mainly 
that symbolized : U ..SO, f-NaC’l NaHS(),,d-H('l. 0.7 per cent, of tJie hydrochloric acid 

escapes through a Hue and is ahsorhed by whaler to form jmn-ncift, CJood cast-iron })aTis 
will stand several thousand charges before, they are eaten tlirough ; th (5 cast iron should 
be of uniform comjKisition and free fr<»m gra])hitie carbon and silica. If salt-calu^ is di'sired 
very free from iron r.<j. for making .special forms of glass — leaden pans are nsi'd - bid’ 
these are cosily, and liai)le to melt if slightly over-hcatetl. d’he residue is then raked from 
the pans into the hi^arth of a reverberatory furnace, or, in tlio more modern furnaces, in 
order to avoid contamination with fuel ash, the residue in the ])an i.s raked into a miitUe 
OP hii tut -roaster, where the uiixiure is roasted a\> a higher U^mp. w hile it is stirred with iron 
rakes. Hero tho reaction is that represented liy the equation : Na( ’I f NaHS 04 ^Na^ 8()4 
-f HCl. 'i’ho escaping hydrochloric acid- - roaster gas— escapes tJirough a fine and is abscjrbetl 
separately — roaster aeid. '’J’ho pro^luct in the fiiniaciA is discharged into iron trucks. About 
twelve charges arc worked in c*aeh furnace every <lay. '^riio .styh^ of mufllo usually employed 
is the so-called plus pressure Jurnare devised by \V. Deacon in This is intendeil to 

prevent tho escape ot hydrogen chloride through any leaks in th<‘ w alls of the muirie whereby 
tho gas passes into the flue.s and tlamce into tho atm. without coiKhMisatioii. This is 
offocted by making tho draught stronger insit lo the muffle than in tho Burrounding flues; 
otherwise expressed, there is a greater press,- -plus jjress. — in tho flues than in tho muffle. 
If there is a leak ifi the muffle Ihen'fore a little flue gas will enter the muffle when it does 
cornparativeljr little harm, and stops complaints about Iht^ escape of hydrochloric acid 
from the chimneys. 

Many attem})ts have been madt) to carry out the operations automatically in mechanical 
furnaces .so as to avoid the dtsagroeahlo operation which attends tho unavoidable escape of 
pungent acid vajjours through the working doors during tho stirring up of tho charge in 
pan or roaster. The mo.st successful of these is the furnace devised by J. Mactear in 1879. 
This furnace ha.s a circular revolving bed covered by a fixed ai*ch. Tlu^ furnace gases pass 
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between the revolving bed and the fixed arch. The mixture is fed continuously into the 
middle of the bed and is raked by fixed 8tirrei*s towards the circumference, and finally 
drops over. The action is continuous so that tho hydrochloric acid is evolved at a uniform 
speed. The acid-gas mixed with tho fluo gases, passes on to tho cooling plant. The 
Hargreaves process for salt-cake -wde sodium sul])hate — can also be used. 

The product of this reaction is sodium sulphate, also called salt-cake, which occurs 
in trade as a more or less granular mass, with more or less fused lumps. The latter 
may contain undecomposed sodium chloride in the cores. The colour is yellowish 
or greenish- white— often white. (1. E. Davis' analyses 2 of salt-cake are : 


Sult-cako from 

Na 2 S 04 

CaSO. 

FeS 04 

XaCI 

SOa 

ITjO 

iusolubla saml 

i5lirid roaster . 


114 

0-68 

2*63 

0*95 

0*09 

> O il 

Open rooster . 

. 9()*14 

1T5 

0*56 

0*23 

1-82 

— 

0 07 

Hargreaves' 

. U7vS2 

J 05 

0*52 

0*74 

0 02 

— 

0 04 


<1. E. Davis' figures are rounded oft’ to the secojid decimal, wliich even then repre- 
sents a greater accuracy tlian is possible by the methods of analysis available. 
The prcvsonce of both free sulphuric acid and undecomposed sodium chloride is 
largely due to the fact that the reaction: 2NaCl+H2S()4“-^Na2S()44 211CI, is 
reversible, and would re((inre a larger excess of sulphuric acid than is convenient 
to make it complete. 

(2) The conversion of salt*cake into black ash. * J. B. A. Dumas first attempted 
to (ixpl.ain the reaction in the black-asli furnace? ; and his hypothesis ^vas in vogue 
with sliglit modifications for many years. J. B. A. Dumas started from the wrong 
assumption that calcium sulphide is readily soJulde in water, because neither 
hydrogen nor ammonium sulphides cause a precipitate in a soln. of calcium chloride. 
He then argued that if calcium sulphide w^cre present in black ash, the subsequent 
lixiyiation with wat(‘r wf)u]d set up a reaction between tho calcium sulphide and 
sodium carbonate: Nuvf'OsH ('aS^-Na 2 S | CaCO^; consequently, J. B. A. Dumas 
inferred that not calcium sulphide but an insoluble calcium oxysulpliide, 2CaS.Ca(), 
is formed as was pn'viously suggested by L. .1. Thcnard. The supposed calcium 
oxysulplikh? is assumed to b(? ijisoluble in water in order to account for the retention 
of the sulphur by the insolulile residue and the non-appearance of considerable 
amountvS of sodium sulj)]iide in the water used in the lixiviation of tho black ash. 
He le presents tlie initial and end-stages of the reaction by the equation : 
2Nha2S()^-h;u;ixC();H-^)0--2Na2C():H-f'a(),2CaB+ 

In Ic^lT, B. Unger also investigated the subject, and agreed in the main with 
J. B. A. Dumas' 3 Jiypothesis ; Jie assigned the formula Ca6.3(’aS to the supposed 
oxysulpliide because 11. Ibise had j»reviously prepared an analogous compound, 
ill a later paper, B. Diiger devised a series of rcactimis in whiidi steain jilayed a 
vital part, but A. Scheurer-Kestn^r showe.d that black ash (*.an be made in a closed 
crucible with thoroughly dried materials. A. C. Brown also supported the Unger- 
Diimas hyj)othesis in assnrning tliat tlie coal first reduced the sodium sulphate to 
sulpliide : Na2S()4-]-4(^— -Na 2 S |-1C0 ; and that the sodium sul]>hide reacts with 
the calcium (carbonate, forming sodium carbonate and calcium oxysulpliide : 
3^hl.>S^-4(;aC()3.-:-:3Na2C()3-fCa^ J. W. Kyna.ston cast doubts on 

the oxysuljihide tlieory by showing that the alleged compound could not possess 
the stability in water ascribed to it by J. B. A. Dumas. 

In 1801, W. Gossage showed that calcium sulphide, is insoluble in water, and 
is but little attacked by sodium carlionate ; he also showed that tlic residue left 
after the lixiviation of black ash is a mixture of calcium monosulphide and carbonate, 
even wdien no sodium sulphide is present in the liquor ; and that if any sodium 
sulphide be present in the liquor, it is derived from the formation of calcium j)oly- 
sulphides in the blai^k ash wliich can be prevented by using an excess of limestone. 
Both J. W. Kynaston and W. Gossage showed that no sodmm hydroxide is present 
in black ash because (a) sodium hydroxide melted with black ash forms calcium 
oxide and sodium carbonate : and (h) no sodium hydroxide can be extracted with 
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alcohol. W. Go.ssage expressed the reactions in the formation of black ash tu . h. 
equation: 2Na2SO4-f3CaCO3+9C=2Na2CO8+2CaS+CaO+10CO, althoupi, i;. 
did not believe this carbon all goes away as carbon monoxide. A. Scheiu*er-K( : , i 
also adopted Gossage's views, and showed that in the main reaction no m 
monoxide is formed ; ho supposed that in the first stage of the reaction the sod . . 
sulphate is reduced by carbon to the sulphide : Na2S04+2C=^Na2S+2C()2 ; . *.1 
that the calcium carbonate then reacts with the sodium sulphide to form sodnnu 
carbonate and calcium sulphide : 5Na2S+7CaC03=5Na2C03+5 CaS ;d) 

-|*2C02 ; and that the carbon monoxide which appears towards the end of tin* 
operation when the temp, is much higher, is due to the action of coal on the lii)*.' 
stone : CaCOs+C— CaO+2CO. A. P. Dubrunfaut accepted A. Scheurer-KestiK ! s 
explanations, but assumed the equation: Na2S04-f CaCOa t-4C— NagCOjj i ( :iS 
+4CO, which is erroneous in stating that carbon monoxide, not carbon dioxido. 
the gaseous product of the reaction. 

About 1865, E. Kopp, and P. W. Hofmann tried to revive the oxysul|)iii<l«‘ 
theory, but J. Pelouze refuted their arguments; and after a long study of ^hi\ 
reactions, J. Kolb confirmed A. Scheurer-Kcstner’s work, but concluded that ii\ 
the main reaction the calcium carbonate loses its carl)on dioxide by the action of 
the carbon dioxide in the fire gases. A. Scheurer-Kestner then showed that- In 
this last conclusion f). Kolb is in error, because black ash can be made in crucibles 
without any assistance from the fire gases ; that tlu^ (lecom])osition of the calcium 
carbonate, even in the presence of coal, requires a higher temp, than the reduct ion 
of the sodium sulphide ; and that black ash is obtained by directly heating sodium 
sulphide with cahuiim carbonate. 

A. Scheurer-Kestner’s theory of the major changes which go on in tlic black-ash 
furnace is thus a simple one : 


The mixture occjupios a depth of several inches on the furnace-bed. Its upper portions 
are first rccluced, and that to a considerable extent before the surface is renewed by worUinii 
with the tools. The quicklime which liad formed in the pasty layer at the surface is a><inn 
converted into carbonate by the (X32 arising from the reduction of sodium suliihate in tlie. 
lower layers. At the momcmt when the sodium sulphide fiist\s, it pemetratos the chalk, 
and they arc mutually decomposod. When all the sulphate has been rf 3 duc(‘d and the 
tjvolution of CO 2 becomes less, the temp, of the mass rises and the ealcium carhurmte m 
excess begins to decomjioso with evolution of (:0. The evolution of this gas is a valimhl* 
sign for marking the completion of the operation. Sintte it only occum when the mass 
begins to stifTen, it imparts to it that porosity so valuable for lixiviation. If the eaihcn 
rec|uirod for the reduction of the sodium .sulphate and the decomposition of the ehnlk ht' 
taken into accoimt, the reaction may be expressetl by the following three equations: 
(i) Na2804H>2C=::Na2S-h2C?02; (ii) Na.Sq CaC 03 .=.Jsra 2 (; 03 +CaS ; and CaCO, I <' 

=rCaO+2CO. 


The major reactions are com[)licated by a number of minor or secondary reactions, 
and by impurities in the raw materials. As a result the black ash may contain 
1| to 2| per cent, of sodium silicate ; .J to H j)er cent, of sodium aluminato ; 1 
cent, of sodium ferrous sulphide. ; small proportions of sodium cyanide and thio- 
cyanate derived from the nitrog(3n of the coal ; a relatively small amount of ultra 
marine; etc. Proposals to use barium carbonate, etc., in place of limestone iti 
the black-ash process are indicated in connection with the preparation of sodium 
carbonate from sodium sulphide. 


Iho sidt-cako i.s mixed witli limestone and coal in the proportions 100, 100, 35*5 — th' 
theoretical proportions are 100, 79*4, 16-9. The mixture is heated to a high temp, in 
reverberatory furnace which is termed the boiling furnace, or black-ash fumaco. The oharg* 
is worked on the hearth of the furnace by men with iron rakes. The reaction begins 

mass sinters together, and then progresses rapidly and completely. The cnO 
of the operation is indicated by the appearance of yellow flames or “ cajcidles ** on tho 
surface of the melt*— presumably owing to tho formation of inflammable carbon monoxirl^ 

carbon and the limestone at the high temp, of tho furnace . 

2CO. This evolution of gas makes the lumps or “balls” which are 
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t ronef erred to iron waggons where they are allowed to cooL 1’he dark -coloured masa is 
in this stage called black^ash ball. The sodium sulpliate is reduced by the carbon, and 
the resulting sodium sulphide reacts with the limestone, forming a mass which when treated 
with water furnishes calcium sulphide an<{ sodium carbonate. The initial and end-stages 
of the reaction aro symbolized : Naj{S04 -}-CaC03*4-2C=Naj5C03-f CaS'f 2CO2. place 
of the old hand-labour balling furnace, several types of revolving furnace have been devised 
fFig. 61). G. Elliot and W. UussolI*s furnace (1853) was found to give too hard an ash ; 
but the “ revolver ” patented by J. C. Stevenson and J. Williamson in 1855 was the first 
successful revolving furnace. Here, the hot gases from the producer gas pass through the 



Fia. 61. — Revolving Black-ash Furnace. 


cylinder containing the mixture of salt-cake, limestone, and coke. The slow revolution 
of the cylinder ensures tin.' thorough mixing of the contents. When the yellow tiamo of 
carbon monoxide apj)enrs, the contents of the cylinder are discharged into iron trucks. 
The dark-grey or brown porous mass so obtained is called blfu k ash. The black asli is allowed 
to weather for a day or two when it becomes more porous. Xt is then ready for lixiviatiou. 

In the early days black ash was sent direct to the soap-makers ; and for a time 
was known as Brilii<h hariVa. The product deteriorated rapidly when kei)t, and 
does not now appear as an article of comme,rcc. Black ash contains 40 to 45 per 
cent, of sodium carbonate ; 30 to 33 per cent, of calcium sulphide ; 2 to G per cent, 
of calcium oxide ; G to 10 per cent, of calcium carbonate. G. E. Davis ^ gives for 
the analysis of a sample : 

SoiiTJULE — 43*00 per cent. 

Na 2 C 03 NaaO XaC'l NujSaOa -NtigS KaCy NaSCy 

31*81 5*61 2*57 0*19 0*07 0*85 0*16 0*04 0*02 


together with sodium aluminate 0*75 per cent., and sodium silicate, 0'91 per cent. 

iNSOiiUBTiK- -5rr47 jier cent. 

CaS CaCOs CaO FeS Al2<)8 SiO, MpO NagO Carbon 

28*74 9*27 9*49 0*77 1*04 0*92 0*32 0*57 4*48 


together with 0*87 per cent, of sand. G. E. Davis’ numbers are here rounded off 
to the second decimal, since it is doubtful if the analytical methods admit of such 
a degree of accuracy ; the minuteness 
of the sjiecialization of the constituents 
also is in some cases of doubtful 
validity. B. Unger reported in the 
black ash of the Ringkuhl works ; 

Titanium, 0 015 jicr cent. ; copjier 
and molybdenum, 0*025 ; phosphorus, 

0*023 ; tantalum, 0*017 ; fluorine, 

0*014 ; barium, 0*014 ; nickel and 
cobalt, 0*013 ; manganese, 0*013 ; and 
lead, 0*013 per cent. A. Scheurer- 
Kestner found a little seleniutn in black 
C. P. Ramiuelsberg, vanadium. 

If black ash be exposed to the atm. under ordinary circumstances it soon 
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Evaporating 


ash ; C. R. Presenius, arsenic ; and 
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exhibits a change. J. Kolb showed that carbon dioxide and moisture are i.i,. 
active agents, since air deprived of these constituents has very little actioji on 1,1:! i, 
ash between 0° and 100*". Dry carbon dioxide has no more action on dry 1)1... k 
ash than it has on quicklime ; but moist carbon dioxide converts the culciuni 
into carbonate, so that no sodium hydroxide is formed, and it also acts on the cult nun 
sulphide, forming calcium carbonate and hydrogen snl})hidc. Part of the luUiv 
escapes, and another ])art forms calcium hydrosulphide which, with water, i'onnv, 
sodium sulphides— Na^S and Na 2 S 2 . Moist air, in the absence of carbon dioxidt . 
is gradually absorbed ; the lime is hydrated ; and the black ash gradually ci umhlrs 
into fragments, and finally into dust. The sulphides are gradually oxuHzcmI i,, 
sulphates. The amount of sodium carbonate also gradually diminishes on kocpinir. 

(3) The extraction of sodium carbonate from black ash.— The black ash 
rapidly lixiviated with warm water so that as little as practicable will be ux ii. 
The water, below 35^, passes through a scries of tanks containing the pulvcri/cd 
mixture. Clement and J. B. Desormes’ system of w\ashing is based on fat t 
that the soluble matter dissolves more quickly^ if placed just below the surface than 
if placed on the bottom of the vessel, where it is covered by the cone. soln. whit li 
prevents contact with the water higher up. Hence, F. Clement and J. 15. Desoiiiies 
placed the material to be lixiviated in perforated vessels just below the level of the 
liquid. What is erroneously called J. Bhanks' lixiviatiori process is most coiiujuuily 
used. The lixiviation here works on the discontiuucuis counter-current ])riii( iple. 
Fresh water passes through the tank containing the ash wliich is almost all exir.u ted : 
and the water, aliiu>st sat., passes through the. black ash fresh from tlie fiirnact', 
TJic liquors are conveyed from the bottom of one tajik to the top of anoflna- by 
means of syphon jfipes fitted with stopcocks. 

The tank liquid is allowed to settle and thejj cone., by (;vaporation in shallow 
pans lieated by the waste heat from the black-ash furnace, h'igs. bl. and ()2. Thr 
dark-colourcd ervstals of niunohydratod sodium carbonate, Na^Ct wliirli 
separate are fished out with skimmers and recrystallize to form tlio decaliydra.ted 
carbonate, Na 2 C(l 3 .b^ll‘jD, or else calcined — it is called crude soda ash. The latter 
is further purified by exposing it to a current of liot air in order to oxidize the 
sulphides to sulphates. The sulphides impart a slight yelloAv tinge to tlu^ mass. 
Tlie tank liijuid is sometimes treated witli carbon dioxide so as to ctmvert the 
caustic soda and sodium sulphide into sodium carbonate. The soda ash, Na^CO^, 
is then crystallized from water when soda (uystals (washing soda) are w^anted — 
Na 2 CO 3 .l 0 H 2 O. The carbonate from the Leblanc process has l)ecu employed h»r 
the production of sodium hydroxide. 

The action of water on black ash during the washing involves a comj)lex series 
of chemical changes wliich have been stutlied by J. Kolb, A. Hcjhourer-KestntT, 
and J. Pelouze. Calcium sulphide with water gradually forms solulde calcium 
hydroBulphide : 2 CaS+ 2 H 20 --t^a(SH )2 i-Ca(OH) 2 . Bodium chloride decreases 

the solubility of calcium sulphide in water ; sodium sulphate acts in tlie same diive. 
tion ; limewater has no perceptible influence on the solubility of calcium sulphide. 
Sodium carbonate has very little action on calcium sulphide, but the speed of 
decomposition increases with dilution, time, and temperature. There is no evidence 
of free sodium hydroxide in normal black ash ; the sodium hydroxide which is 
found in the tank liquor is due to the action of the free lime of tlie black ash ujion 
the sodium carbonate, forming sodium hydroxide and calcium carbonate. The 
causticity of the tank-liquor is not materially altered by the proportion of water, 
but it increases wdth the time of dige.siion and the temj). There are only traces of 
sodium sulphide in good black ash, but on treating bla(*k asli with water varying 
quantities appear — usually the monosulphide, because the free alkali converts the 
yjolysulphides to monosulphide. The proportion of sodium sulphide in the tank 
liquor increases like the sodium hydroxide with the time of digestion and the temp., 
but increases very little with an increase in the quantity of water. There is no 
relation between the amount of sodium sulphide and hydroxide in the tank liquor, 
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showing that the sulphide is probably formed from the carbonate, not the hydroxide. 
Consequently, the calcium sulphide reacts with sodium carbonate, forming sodium 
sulphide and calcium carbonate ; the oxygen of the air oxidizes the calcium sulphide 
to calcium sulphate, which in turn reacts with sodium carbonate, etc. All these 
reactions reduce the yield from the process. J. Kolb concluded that in order to 
get the smallest possible proportion of hydroxide and sulphide in the tank liquor, 
the black ash should be lixiviated as quickly as possible, with the smallest possible 
proportion of water, at the lowest possible temp. 

F. M. Ohance’s analysis of the tank-waste, dried at 100*^ in nitrogen, shows ; 

CaS OaCOj Ca(OH)3 CaSO^ Na^O AlgOj FeS MgO S 

30 17 19*88 1-22 trace 0*84 0‘91 0*67 0*43 0*47 

with r29 per cent, of combined silica ; 8*46 per cent, of coke ; 1*34 per cent, of 
sand ; and 35 01 per cent, of moisture. The total sulphur present as sulphides 
of calcium and iron is 13*65 per cent. It will be observed that sulphur is the 
intermediate agent in converting the chloride to carbonate. It conies in the 
process as sulphuric acid, and is finally rejected mainly as calcium sulphide in 
the tank-waste. This sulphur was formerly rejected with the alkali waste which 
acciiiniilated about the works and became an unmitigated nuisance the more 
unbearable as the industry increased in magnitude; for in damp weather the hydrogen 
sulphide which is emitted infects the air for a great distance ; the polysulphides 
which are leached out by water pollute rivers and streams for miles around. For 
every ton of soda ash produced there is about IJ to 2 tons of waste. More than 
JOCK.) tons are deposited at Widnes every day ; and it is estimated that 150,000 
tons of sult)liur valued at f4()0,(X)0 was annually wasted until a ]>ractical soln. of 
the ])roblem of recovering the sulphur had been obtained. 

When exposed to air, th<i tank-waste soon changes under the influence of 
oxygen, water, and carbon dioxide. Tlie oxidation of the sulphides may occur so 
rapidly that the liea]) becomes red hot, and sulphur dio.xide is formed. The action 
of carbon dioxide, sulphur dioxide, and sulphuric acid on the sulphides liberates 
hydrogen sulphide. The insoluble calcium sulphide is also oxidized, forming soluble 
calcium hydrosiilphicle, Ca{SII)2.6H20 ; polysulphidcs ; thiosulphate, sulphite, 
and sulphate ; the corresponding sodium salts are also formed. The subject has 
been investigated by M. Schaflner,^ 0. Kraushaar, E. Divers and T. Shimidzii, 
and V. H. Voley. According to E. Divers, the whole oxidation of tank waste con- 
sists in the oxidation of hydrogen sulpliide which is evolved from it, and which 
forms Avater and sulphur. The latter acts on cahaum hydroxide, forming calcium,^ 
pentasulphidc, CaSs, and thiosulphate: 3Ca(UH)2+12S--=CaS20a b2CaS5 +31120 ; 
and in ])rescnce of calcium hydrosulphidc, Ca(SH).>, the pentasulphidc is also oxidized 
to thiosulphate : CaSg-f 3Ca(SH)2+602=4GaS203+3H2S. 

Various proposals have been made for utilizing tank waste, but many arc quite 
irisuflicient for dealing with large quantities. It has been proposed as a remedy 
for dry rot (G. Juncker) ® ; for potato and vine diseases (F. Liesching) ; for building 
purposes when mixed with sand, etc. (H. Deacon, F. Kulilmann, F. V'arrentrapp) ; 
mortar and cement ; bottle glass (G, Lunge) ; asphalt pavement (C. T. Kingzett) ; 
etc. The more rational treatment of alkali waste is founded on the recovery of 
the sulphur. G. Lunge thus classifies the various proposals for the recovery of 
the sulphur : 

1. Combining the sulphur with iron or in other ways, for example, J. L. Bell " made a 
kind of artificial pyrites by melting tank waste with burnt pyrites along with c'oke and 
clay. D. B. Hewitt heated the tank waste with silica to form calcium silicate, and sulphurous 
and sulphuric oxides which are collected and utilized ; H. Borntragor made ferrous suJjdiide 
by compressing alkali waste with water and pyrites cinders and burnt the sulphide for 
the manufacture of 8ulf)huric acid. The Verein Chomischer Fabriken in Mannheim manu- 
factured sodium sulphide from it by expo.sing a mixture of alkali wa.sto and sodium sulphate 
to tne action of steam under 5 atm. press. The sodium sulphide liquor is easily separated 
from the calcium sulphate. W. Helbig also boiled the alkali waste with a soln. of sodium 
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carbonate or tank liquor, and obtained a soln. of sodium sulphide which was crystallizf . , 
and used in tanning. 

2. Partial recovery of the sulphur by accelerated weathering (oxidation), lixiviniioi,. 
and decomposition with acid.s. Sulphur and sodium thiosulphate can thus be ohiaint ri 
T. H. Leighton lixiviated the oxidized waste and precipitated sulphur from the liquid 
hydrochloric acid. W. H, Losh, E. Kopp, J. Townsend and J. Walker, J, L. Jullinil, 
and A. Noble obtained sodium thiosulphate from oxidized tank waste. The oxidutiml 
is effected by blowing an and steam through a suspension of waste in coke towers, or Ijy 
exposing the waste to the air for a week with occasional raking. The calcium thiosulpliatf 
which is then leached by water from the oxidized product is converted into sodium thio- 
sulphate by the addition of calcium carbonate. In M. Schaffner, and in L. Mond’s proc(‘sH, 
the alkali waste is treated for the recovery of sulphur. A yellow liquid is obtained frojn 
the weathered or oxidized tank waste ; the yellow liquid is treated with acid so that all tho 
sulphur, excepting that oxidized to sulphate, is precipitated. The sulphur is then separat I 
from the calcium sulphate by a liquation process. The two processes are fundamentally 
alike, but differ in detailed procedure. 

3. Transformation of the sulphur into hydrogen sulphide and utilization of the lattc'i-. 
In C. F. Claus and F. M. Chance’s process, the rosidue in tho tanks remaining after Iht^ 
sodium carbonate has been extracted is dried, finely powdered, and suspended in water* 
In A. M. Chance’s process carbon dioxide is forced through the liquid and hydrogen sulphide 
is driven off ; Ca(SH)2+C02+H20=CaC03+2H2S. The sulphur is now recovered from 
the hydrogen sulphide by the catalytic process of C. F. Claus. The hydrogen sulphitle 
mixed with sufficient oxygen to burn the hydrogen, but not the sulphur, is passed into a 
kiln containing iron oxide. By catalytic action, the. iron oxide acceloraios the oxidation 
of the hydrogen sulphide: 2H2S4-02 - 2H2O + 2S. Most of tho sulphur which soj)arat(.s 
collects as a molten fluid at the bottom of the kiln or in an adjoining brickwork chamber, 
and is periodically run off. From 65 to 85 per cent, of the sulphur is thus recover red and 
used again for making sulphuric acid. The oxide of iron is gradually convertc'd into sulphide, 
and this is perhaps more efficient as a catalytic agent than tho original oxide, 

A factory in which soda ash is made is called an alkali tvorks, A works using 
the Leblanc process is divided into several departments : (1) The acid w^orks wiiero 
sulphuric acid is made : (2) Salt-cake works ; (3) Black-ash works and lixiviation ; 
(4) White-ash (soda ash) WH)rks or caustic soda works ; (5) Bleaching powder works 
where the hydrogen chloride from the salt-cake works is converted into chlorine, 
and the latter converted into bleaching powder ; and (6) Sulphur extraction from 
tank-waste. The following is a diagrammatic representation of the Leblanc process : 


pyrites Sodium nitrate 

> 

'I' 

Burnt pyrilKs Sulphuric acid 

J' 

Hydrochloric acid 


Salt 




Salt-cake 

4 ^ 


Soda ash or 
Caustic soda 


Coal Limeutono 


Black ash 

Sulphur or Sodium 
thiosidphate 


It illustrates the different stages in the manufacture of soda by the Leblanc process. 
The sulphur cycle in that process is also illustrated diagi-ammatically by the scheme : 

^ NagSO^ ^ 

Pyrites->H2S04 ^ CaS (Black ash) 

HgS ^ 

the 15 to 35 per cent. loss of sulphur has to be triad e good in the form of pyrites 
for the manufacture of sulphuric acid. 
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§ 30. The Ammonia-Soda or E. Solvay’s Process 

It can hardly be aftirinod that the Hcientilic tieatmont of the ammonia-soda process 
through recent progress in idiysical chemistry has given the practical manufacturer any 
hints on the direction in which he might make his processes more rational and advantageous 
than before, but there remains the hope that the desired success will be ultimately obtainecl 
by a co-operation of theory and practice. — G. Lctnoe (1911). 

Th (5 history of the aminunia-soda process has been the subject of some contro- 
versy. It is i^robablc that the basal reaction involved in the ammonia-soda process : 
NaCbl-NIl 4 HC 03 ^NJl 4 (.'l+NaHC() 3 , was placed before the French tribunal ijt 
coiri})etiiion with N, lucblanc/s process, but was rejected. Several attempts appear 
to Iiave been made to deal with the process, but they were not a commercial success 
until E. Solvay’s modification of the process was founded. According to K. Lucian, ^ 
the letters addressed to A. J. Fresnel show that in 1811 he worked on the pre- 
paration of sodium carbonate by tlie action of ammonium carbonate on sodium 
chloride. The recovery of the ammonia was nut considered at that time, and the 
invention soon sank into oblivion. A. J. Fresnel himself was fully occupied in 
researches in optical phenomena. A. Vogel reported that he found a memorandum 
in Jiis father’s note-book dated 1822, in which it is recorded that sodium hydro- 
carbonate and ammonium chloride are formed when ammonia and carbon dioxide 
jointly act on a soln. of sodium chloride. According to W. Smith, and L. Mond, 
J. Tbom, in 183G, made about 200 lbs. of soda ash x>cr day by the action of com- 
mercial ammonium carbonate on a cone, soln, of sodium chloride, the sodium hydro- 
carbonate was converted into soda ash, and the ammonia recovered by evaporating 
the mother liquor, and heating it with lime. According to B. L. Vanzetti, also, 
G, Forni of Milan, in 1836, made a trial of preparing sodium carbonate by the 
ammonia process, which he dest*.ribed in a ])amphlet, Della soda arteficiata e nuovo 
metodo dfestrazione dd carhonaio di soda (Milano, 1841). It is doubtful if the work 

VOL. II. 3 B 
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of A. J. Fresnel, A. Vogel, J. Thom, and G. Forni had any influence on the devcl ^ 
ment of the ammonia-soda process, for it remained entirely fruitless. As G. Lim 
has emphasized : 

If the observers themselves do not think it worth the trouble to publish their obsoi \ i- 
tions, or else to follow them up on a larger scale, their work is lost for mankind, and tl.,, ^ 
not constitute any claim for being recognized by posterity as the germ of the inventior. 

The real history of the ammonia-soda process of manufacturing sodium carbojuii <* 
more }>roperly commences with the patent of H. G. Dyar and J, Hemming on dun* 
30th, 1838. This patent distinctly sets forth the reaction: NaCl+NILJH ( 
=NH4CH-NaHC03, and describes means of carrying out the operation on a niann 
facturing scale, so as to recover the ammonia as carbonate for use over and ovvv 
again. Experimental factories running H. G. Dyar and J. Hemming's process wi re 
erected in England, Germany, and Austria, but none were very successful, probabI\ 
because the operations involved a considerable loss of ammonia. Patents wimi* 
taken out by A. A. Canning (1840), H. Watcrton (1810), W. Chisholm (18()2), 
W. Gossage (1854-5), M. Turck (1854-5), T. Schlosing (1854), H. Deacon (1851). 
A. E. L. Bellford (1855), T. Bell (1857), and O. PL Ozouf (1864), principally for 
minor operations connected with tlie process. 

About 1854, T. Schlosing patented a modification of the process, and in con 
junction with E. Rolland, started a works at Pukeaux, near Paris, for the manufacture 
of soda ash by a continuous ammonia process, but the works closed in 1857 
probably because of their imperfect mechanical arrangements, and of the amniuiha 
wastage. In 1858, D. Heeren studied the chemical reactions involved in the 
ammonia-soda process, without advancing the applicability of the ])r()cess. E. Sulvay 
built a works at Couillet near Charleroi (Belgium) about 1863, and the factory 
started manufacturing near the beginning of 1865. According to G. Lunge : 

A period of continuous alterations, mishaps, and improvements set in which would 
have discouraged most other inventors ; but E. Solvay hold on to his cause in tlio full 
belief of its value. ... It certainly required not merely ordinary energy and pre-eminent 
mechanical skill, such as Solvay did possess, but an almost fanatical belief in the enormous 
value of his invention, to battle with many years’ failures and heavy losses, till his conception 
had ripened to its splendid realization. 

The factory gradually emerged from the adverse j^eriod of induction, such that, 
in 1869, the plant was doubled, and the output trebled. According to K. W. Jurisch, 
M. Honigiuann erected a small factory near Aachen, using a modification devised 
by himself, but was not very successful. E. Solvay’s process now began to make 
rapid strides. Other factories were erected in Belgium, France, Germany, Austria, 
Russia, Italy, America, etc. The Brunner Mond Company’s factories in the North- 
wich district, and at Sandbach near Crewe, are notable. As a result, while but 3<W) 
tons were made in the years 1864-68, l,616,fXK) tons were made in 1902 ; imd 
3, OCX), (XX) tons in 1916. 

The ammonia-soda process depends upon the fact that when a cone. soln. of 
sodium chloride is sat. with ammonia, and carbon dioxide is passed througli the 
mixtme ammonium hydrocarbonate is formed ; this then reacts with the sodium 
chloride, and sodium hj'drogen carbonate is ]>Tecipitated, and ammonium chlorhh* 
remains in soln. ; the final stage turns on the balanced reaction : NaCl-|-NH4Ht'^^.' 
^NaHC0a+NH4Cl, The thermal value of the reaction, NaCl(96‘2) 
+NH4HC03(205*6)=:: NanC08(227‘0)+NH4Cl(72'7), computed from the heats o' 
formation of the four compounds concerned indicated in brackets is 299*7—301 8 
= — 2*1 Cals. It is probable that ammonium carbonate is formed in the first stage 
of the operation: 2NH3+H20-fC02=(NH4)2C08 ; and this reacts with sodiun. 
chloride, producing sodium carbonate: 2NaCl-f (NH4)2C03^Na2C03+2NH4C J 
Sometimes, indeed, a little sodium carbonate is precipitated before all the aminoiuH 
is carbonated, or at any rate a little sodium carbonate is early precipitated, and 
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that remaining in soln. is further carbonated: Na2C03+C02+H20=::2NaHC03, 
and then precipitated. It is thought to be improbable that the ammonia is first 
converted into ammonium hydrocarbonate, NH4HCO3, which then undergoes double 
decomposition with the sodium chloride, because (a) ammonium hydrocarbonate 
is almost as sparingly soluble as sodium hydrocarbonate in the mother liquids, 
and would therefore be precipitated ; and (6) such a reaction would be endothermal, 
whereas the reaction is really exothermal in agreement with: C02-fH204-Na2C03 
=;:=2NaHC034'18’4: Cals. The reactions arc all reversible, and the proportion of 
sodium chloride converted into the hydrocarbonatc depends upon the relative 
cono. of the reacting salts. 

The reversibility of tlic reaction was noted by D. Heeren and T. Schlosing,^ 
who found that the conversion of sodium chloride into the hydro-carbonate stops 
with a two-thirds or four-fifths conversion ; and J. A. Bradburn was able to reverse 


the reaction completely by blowing air through the mother liquid containing the 
sodium hydrocarbonate when the ammonium carbonate formed by the action of 
ammonium chloride on sodium hydrocarbonate was carried away in a stream of 
air. An excess of ammonium hydrocarbohate is required to counteract the reversal 
of the reaction by the action of the ammonium chloride on the sodium hydro- 
carbonate. E. Solvay stated that he was able to decompose the sodium chloride 
completely, but he later must have noticed 


that his yields fell short of this ideal state. 
H. Schreib found that the proportion of 
sodium chloride converted into the hydro- 
carbonate de])ends on the ratio NaCl : NH3, 
and on the temp., but is scarcely affected by 
the press. The basal reaction of the ammonia- 
soda process can.be symbolized : 

NaCl+NH 4 HC 03 ^NaHC 03 +NH 4 CI 

which is a case of what J. H, van't Hoff 
called a system of reciprocal salt pairs — der 
reciproken Salzpolare. Several methods have 
been suggested for representing the com- 
position of such systems graphically, by 
E. Lowenherz, E. Janecke, R. Kremann, 
W. Meyerhofer, etc. P. P. Fedotieff expresses 



Fio. 63. — Solubility of tho Pour Salts 
NaCl -f NH^HCOs^NaHCOa -fNHaCl 
in Solutions each in presence of 
another Salt. 


his results in the following manner. The 

solubility of sodium hydrogen carbonate, NallCOs, per litre of water at 0° is 
0*82 — this is represented by OA, Fig. 63 ; the solubility of sodium chloride, 
represented by OB, Fig. 63, is 6 09 ; of ammonium chloride, NH4CI, repre- 
sented by OC, Fig. 63, is 5*57 ; and of ammonium hydrogen carbonate, repre- 
sented by OD, Fig. 63, is 1*52. The points corresponding to sat. soln. of a 
pair of salts with a common ion — say, sodium and ammonium chlorides — are con- 


structed by marking off the content in NaHCOa on the OA axis, and marking off 
the content of sodium chloride on the OB axis. The point E rei)re8ents soln. 


sat. with both ammonium hydrogen carbonate and sodium chloride~0'09 and 6*0 


respectively ; F, soln. sat. with sodium and ammonium chlorides, 4*89 and 2*73 
respectively ; G, soln, sat. with ammonium chloride and ammonium hydrogen 
carbonate, 5*42 and 0*46 respectively ; and H, soln. sat. with ammonium and sodium 


hydrogen carbonates, 1*39 and 0*58 respectively. The line AE represents the solu- 
bility of sodium hydrogen carbonate in the presence of sodium chloride, and UA, 
in the presence of ammonium hydrogen carbonate. The line EB represents the 
solubility of sodium chloride in the presence of sodium hydrogen carbonate, and 
BF^ in the presence of ammonium chloride. The line FC represents the solubility 
of ammonium chloride in the presence of sodium chloride, and CG, in the presence 
of ammonium hydrogen carbonate. The line GD represents the solubility of 
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ammonium hydrogen carbonate in the presence of ammonium chloride, and / // 
in the ])resence of sodium hydrogen carbonate. J. H. van't Hoil has shown 
for soln. sat. with three salts there are the four possible combinations : 

NaCI, NH,C1, NII4HCO3 . .(1) NaCI, NH4CI, NallCOa . . ru 

NaCl, NH4HCO3, NaRCOa . , (2) NH4CI, NII4RCO3, NaRCOa • (I) 

The simiilt-Hneous existence of NH4IICO3 and of NaCl in (1) or (2), and of ilic 
reciprocal system NaJKJOs NH4CI in (;t) or (1) is possible only at one deflniti! 
temp., since if the four salts NaCl, NH4CI, NH4HCO3, and NaHC03 could exist in 
a stable, form side by side, they could do so iji contact with any soln. that is snt. 
with them all. Consequently, all four salts of a reciprocal system of salts are 
])ossibIe only at a temp, for which the products of the cone, of the reciprocal pairs 
are equal, that is, when Cxanf'^^Ti4iiC().^^CVairco3f^^ At this temj)., the 
system wdll be invariant- there are four components, and six phases (I solids, a 
liquid, and a vapour). At all other temp, one of the two systems will change^ 
into its reciprocal, for the one with the higher cone, product will change ijUo 
the other. For the system, NaCl-fNiyiCO^^NI^CI 1 NaHCOjj, at O'", GOD X To 
is greater than 5 r)7 xO*82. This soln. (3) sat. with NaCl, NH4CI, and NailCO.^ 
would be supersaturated with respect to Nn4JrC03, so that NaCl and NII4IICO., 
can never coexist at this temp., but only soln. sat. with : 

I. NallCOa-hNH/d l-NIliHCOa, and II. NaCl | NH^Cl I NalKX)^ 

as solid pliases arc capable of existence. P. 1\ Kedoiielf, in his Dcr Annuoifiak- 
aodaprozvss votn Stamipunkte der PhaslenchK^ has made a detailed study of tlie theory 
of the. ammonia-soda pro(‘.ess. Jle found that soln. sat. witli tliese combinations 
contained : 


Tablio XJ.V. 


1 Sciln. J. Solid nii.iso : 

i yiiflCOg; ^HjlKOa 

Sului)i!ity. ! . 


0 “ 

1 . 5 ^ 


Si.lii. Jl, NaHC'Og; NaCl; XU, (’I 


HaTICOj 

j NttCl ‘ 


1 NullCOy 


1 Mrx'i 


j _ j _ 

<)-96 1 

4 02 

1 

: 0J2 

4-83 

! 2-74 

0-93 

1 j 

0-28 

j 018 

4-44 

! 2 os 

1 


The isothermal evaporation of a .sat. soln. of two salt.s with a eomnum ion lends 
to the .separation of both salts, hut with sat. soln. of three .salts, this may or may 
not occur. The isothermal evaporation of solution II fuinishcs as .solid phases 
the same three salts as are present as solutes. These soin. were called by W. Meyo.r- 
hofer congruent solutions, because, on isothermal evaporation, they furnish a.s solid 
j)ha.scs the same salts as are prestmt as solutes in sedn. On the other hand, with 
solution T the salts whioh separate as aoli<l phases are different from tho.se present 
in soil!., for sodium chloride ajjjiears in ])laee of ammonium hydrocarbonatc. In 
contrast with congruent soln., W. lleyerhofer styled them incongiuont solutions ; 
here the sat. soln. contains a dillercnt .salt from those which are present as .solid 
phases. J he gradual addition of sodium chloride to solution 1 changes the com* 
position of the soln. until the incongruent solution I pa.sses into II ; ammonium 
hydrocarbonate tloes not chsuige when added in a similar manner to solution If- 
The points Pi and Kg. (il, represent soln. sat. with three salts as just indi- 
cated, and, when these points are joined with the points corresponding with soln. 
sac. h)i two salts with a common ion, the following series of lines is obtained : 
representing soln. sat. with sodium hydrocarbonatc and chloride; P-xP, sodiun; 
arid ammonium chlorides ; PiPn, sodium hydrocarbonatc and ammonium chloride 
/ ifi, ammonium hydrocarbonatc and chloride ; and P^P, sodium and anunoniun 
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hydrocarbonate. The lines in the resulting diagram form four surfaces corre- 
sponding with soln. sat. with one salt in the presence of two others, namely, HDGPi, 
saturation with ammonium hydrocarbonate ; PiGCFP.>, with ammonium chloride ; 
FP^EB, with sodium chloride : and HAEP^Pi, with sodium hydrooarbonate. The 
region HAEP.j>Pi is important from the point of view of the ammonia-soda process, 
for it represents soln. sat. with sodium hydrocarbonate ; the curves PiH soln. sat. 
with ammonium and sodium hydrocarbonates, and P3P0, soln. sat. with sodium 
hydrocarbonate and ammonium chloride. P^ represents an incongruent sat. soln., 
and therefore sodium chloride appears in soln. instead of ammonium hydrocarbonate 
on the curve Pill from the point of its intersection with the ammonium chloride 
axis up to Pi, and similar remarks hold for the curve PiP^- 

P. P. Fedotieff showed that the change of Pj with temp, can be represented 
by the movement of the point H ; and this in turn depends on the variation of the 
solubilities of ammonium hydrocarbonate and chloride. When the temp, approaches 
32"", Pi lies on the ammonium chloride axis, and the incongruent sat. soln. becomes 
congruent because the same salts now appear 4n the solid phase as are present in 
soln. — viz., sodium and ammonium hydrocarbonates and ammonium chloride. 

The sodium in the mother liquor remaining after the sodium hydrocarbonate, 
NaHfX)^, has separated out : NaCl+NH4HC03 
;?=2iNfl4(.3+NaHC03, is conveniently regarded as 
NaCl, and the ammonia as being distributed 
betwreen the ammonium liydrocarbonate and the 
ammonium chloride. P. P. Fedotieff then uses 
what he calls the Utilmttionskoefflziev^^ and 
K. Kremann AusniitzungskofffizieMen of the 
wsodium and ammonium in order to discuss the 
reaction with respect to the (jonsumption — tlie 
percentage used up — of brine and of ammonia or 
ammonium liydrocarbonate Using the chemical 
symbols in brackets to represent gram-eq. per 
1()(X) grms. of water, and sup|)osing all the chlorine 
and sodium came into the soln. from the sodium 
chloride, [(.'1 J —[Na] represents tlio sodium which 
separates out as a solid phase, NaIlC03 ; and 

similarly, [NH4I -[IKyM j.jJ represents the percentage aiuouiib of ammonium effec- 
tively employed. CV)nsequciitly, the efliciency coeff., U, of sodium and ammonium 
are respectively 



Flo. (34. — Solubility Curves of 
Sodium and Ammonium 
Clilc) rides and Hydrocar- 
bt>nates. 




INH4l-|]iCOHl 
' - [NH,] 


P. P, Fedotieff gives the data in<li( ated in Table XLVl. The numbers in the NaCl 
and NH4JrC03 columns represent the amounts of these salts emjdoyed in the double 
decomposition in order that, after the solid phase has separated out, soln. may be 
obtained with the ionic cone, indicated in the next four columns. For convenience, 
the amount of ammonia in the second part of the Nir4HC03 column is expressed 
in grams. 

Soil), on the cAirve P2^i ^'^th respect to sodium liydrocarbonate and 

ammonium chloride, and these soln, will be obtained whenever there is a relatively 
large excess of sodium chloride ; and in passing from P.^ to Pj, the ratio NaCl : NH3 
(NII3— unity) changes from 2*10 to 1*69 to 1*31 to 1*08. The greater these ratios — 
that is, the greater the excess of sodium chloride — the morecompletc'ly is the ammonia 
utilized ; and the point P2 corresponds with the utilization of 95*1 per cent, of the 
available animoniuni. On the other hand, the sodium chloride is the more com- 
pletely utilized, the greater the amount of sodium chloride transformed into sodium 
liydrocarbonate, and this depends on the amount of ammonium hydrocarbonato ; 
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but this lowers the amount of ammonium hydrocarbonate used up — that is, n, 
sodium hydrocarbonate remains in soln. ' * 


Tablk XLVI. 



Salt taken per 1000 gnns. 
of water. 

Solutions obtained in erram-ectuivalents per 
1000 grine. of water. 

Eflloloncy k , 

N«C1 1 KHiHCOj/MHg 

HCO, 

Cl 

1 Na 

KH4 




Solutions on tho curve PjPg, Fig. 04. 


Pt 

479 

295/63*4 

0*18 

8-17 

4*62 

3*73 

43*4 

1 

448 

360/77-6 

0-31 

7-65 

3*39 

4*56 

55*7 

2 j 

' 417 

431/92-7 

0-61 j 

7-13 j 

2*19 

6*45 

* 69 -2 


<)r>i 

93-4 

90-5 


Solutions on tho curve P^H, Fig, 04. 



1 

; 397 ! 496/106*8 

0*93 

6*79 

1-44 

1 : 

' 6-28 i 

78-8 

3 

351 ! 446/ «6-l 

0*99 

6-00 

1*34 

! 6-66 ' 

77-7 

4 

316 j 412/ 88-6 

1*07 

5*41 

1*27 

• 5*21 

76*4 

5 

i 294 1 389/ 83-6 

1*12 

5*03 

1*23 

j 4*92 1 

75*5 

6 

! 234 1 327/ 70-4 

130 

4-00 

lid 

1 

414 

71() 


The curve P^H represents soln. sat. with sodium and ammonium hydro- 
carbonates. The mol. ratio changes only slowly with a considerable difference in 
the absolute quantities of sodium chloride and ammonium hydrocarbonate to the 
same quantity of water, namely, starting from Pj, with NH3— unity, tlie ratio 
changes from 1*08 to 1*06 to 1*04 to 1*02, to 0*97. This does not affect the eflicieix y 
coeff. of the .sodium chloride very much, but it exerts a marked influence on tluit- 
of the ammonia. Passing along PiH from Pj, the two efficiency coeff. diminish, 
and at the point of intersection with the ammonium chloride-axis, when 1*14 mol. 
of sodium hydrocarbonate and 4 57 mols. of ammonium chloride arc preserit for 
TOGO grms. of water, the two efficiency coeff. An efficiency 

coeff. of 75 per cent, is obtained by double decomposition with 267 grms. of ammo- 
nium chloride and 361 grms. of ammonium hydrocarbonate (77’ 7 grms, of NIJ3). 
The further course of the curve has no praktische Bedentunrj. 

It will be observed, continues P. P. Fedotieff, that the percentage amount of 
salt employed which is transformed into hydrocarbonate, gradually increases 
in passing from H to Po, where it attains a maximum value ; the subsequent decrease 
in the value of ?7>fa can be followed along the curve PjjP, which represents soln. 
sat. with sodium hydrocarbonate and chloride in the presence of variable amounts 
of ammonium chloride. Again, the efficiency coeff. of the ammonia, Usii » gradu- 
ally increases from // in passing along the ‘curves //P^, P^Pg, and P^^P'up to a 
limiting value of KKJ per cent. ; but the curve P2/? is of no technical intere.st. At 
the temp, of these experiments, 15"^, the point P^ represents the maximum efficiency, 
e^Na» of the sodium chloride ; and although the values of change but little 
on both curves in the vicinity ot P^, the values of C/nh. are very different. 

oochutti chloride is so very cheap that it makes very little difference to the cost 
of the final product whether much or little is utilized : on the other hand, ammonia 
la comparatively costly, and although that which is not utilized is subsequently 
recovered, each regeneration is accompanied by losses. It is therefore important 
for the manufacturer to use up as much ammonia as possible. P. P. Fedotieff 
considers two soln. with approximately the same viz. No. 2 (Table XLVl), 
on c curve 2^1 > ^iid No. (>, on the Pjfl curve. In the former ease, after the 
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deposition of solid sodium hydrocarbonate, 90'5 per cent, of the ammomum hydro- 
carbonate taken has been utilized, while, in the latter case, only 68'6 per cent, has 
been utilized. From this point of view, it is advisable to keep on the curve P iP 2, 
where the efficiejioy coeil. of the ammonia are high. This observation is in harmony 
with empirical experience, and was known to E. tSolvay and others. Extremes are 
odious. If an excess of sodium chloride be employed, some ammonium chloride 
will be precipitated with the sodium hydrocarbonate, and when such a mixture is 
calcined some sodium chloride is formed, and the value of the resulting soda ash is 
accordingly depreciated. It is an interesting exercise to show that if the ammonia 
were cheap and sodium chloride dear, it would be better to keep near the 
curve Pi//. 

The preceding remarks are based upon observations with soln, sat. with two 
salts — viz. sodium hydrocarbonate and either ammonium chloride or ammonium 
hydrocarbonate — ^under manufacturing conditions, however, the soln. are obtained 
by carbonating ammoniacal soln. sat. with sodium chloride, which are sat. with 
ammonium hydrocarbonate alone. These soln. are represented by the surface 
PiP^EH. Naturally, many different combinations are here possible, but technical 
practice is limited to ammoniacal soln. sat. with sodium chloride where the efficiency 
coeff. is not leas than 75 per cent, on the P|P 2 -curve. This corresponds with 
the stippled area in Fig. 64. Obviously, the nearer the working conditions approach 
P 1 P 2 the more complete the utilization of the sodium chloride. 

The effect of temp, on the efficiency coeff. for soln. No. 1 (Table XLVI), point 
Pj, is as follows : 

O'* 15^^ 30* 

Efficiency coeff., . . , 73‘6 78*8 83*4 

Efficiency coeff., • • • ^^'0 85*1 84*1 

This shows that with a rising temp, the yield of sodium hydrocarbonate rises, but 
the cificiency (‘oeff. of the ammonia decreases. When the temp, exceeds 32^, the 
amount of sodium chloride in soln 
No. 1 decreases; at 32', 

=84: ])er cent. There is therefore 
near 32'' an optimum temp, for the 
yield of sodium hydrocarbonate ; in 
other words, the highest attainable 
conversion in this reaction is 84 per 
cent. : or, at 32°, 84 per cent, of the 
sodium chloride employed is pre- 
cipitated in the form of sodium 
hydrogen carbonate. It follows, 
therefore, that by raising the temp, 
the efficient area PiP^HH is aug- 
mented — always supposing that the 
precipitation and filtration are conducted at one and the same temp. — although 
in jiractice this temp, lies near 3()°, so that the revsults of P. P. Fedotieff can be 
regarded as Normen fur die Praxis. The condition of equilibrium, at any given 
temp, is fixed by the equation: |NaHC 03 J[NH 4 Cl]=X[NaClJ[NH 4 HC 03 ], where 
the symbols in brackets represent cone. From this equation it would appear that 
the maximum yield of sodium hydrocarbonate is favoured by high cone, of the 
sodium chloride and ammonium hydrocarbon ate ; the latter condition is favoured 
by a high cone, of ammonia and carbon dioxide. 

This process can be illustrated by connecting an apparatus,.^!, for generating ammonia, 
Pig. 65, and an apparatus, By foe making washed carbon dioxide with a tower, O, filled with 
a sat. soln. of sodium chloride and fitted with four perforated iron discs as shown in the 
diagram. The tower is provided with an exit tube dipping in a beaker of water. The soln* 
is first sat. with ammonia, and then with carbon dioxide. In about an hour, crystals of 
sodium bicarbonate will be deposited on the perforated shelves. 



Kio. 65. — Illustration of Solvay’s Process. 
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The brine is tirst sat. with ammonia by running downwards through n iow . . ,,,,,1 
with sovL'ial coinpartnirnts, as indicat-od in Fig. 66, and the ammonia rising upwards - ■ 
througli the liquid in each compartment. A similar tower ia employed for rcoovn... ti,p 

ammonia subsequently carried away H 1 > 
the carbonating of the ammonia tial 
The arnmoniatod brine is cooled f,, ;<)* 
and, in E. SoJvay’s apparatus, is ]>n/ ..,,.(1 
to the top of a tower, Fig. (57, 70 t<» iiii if. 
high, and 5 to 7 ft. diameter. j-ni’ 

inoniated brine falls over a series r)f 
plates and during its descent mtel^ an 
ascending stream of carbon dioxido. Smi..' 
beat is evolved during the absorption d 
the carbon dioxido, and aeeordini.d\ 
W. B. Cogswell (1887) lltlod the tow^r 
with coolers consisting of a number of 
mild steel tubes expanded into a sltiil 
tube ]>late. The cold water miuiiiin 
through these tubes cools the licpior as d 
a]>proaches the bottom of the towoi. 
Crusts of salt gradually foriri on the tower, 
these have to bo removed from titno to 
time, cither V>y a jot of steam or by a 
stream of fresh brine. The carbonatitjg 
may be conducted in two stagos- in oin* 
tower tlie ammonia is converted approxi- 
inately to the normal carbonatt\ and in 
a second tow^^r the liydrocarbonalc is 
formed. Afany other carbonatitig towiM.s 
have been devised---# . 7. in M. Honigrnann's 
the carbon dioxide is jmrilicd in st>ri('s 
through the ainmoniat(‘d brino <*oii(aiin(l 
in throe or riion'. conical vessels lit led with 
cooling pipes. Thes liquor wbicli runs 
from the carbonating tower is fill mod 
through flannel fiitefl upon rolating 
monia ^rower. vay's C^arbonating cylinders inside of which a vacuum is 

'rower with (Jogs- maintairn't). 'Fla* layu'r of sodium hydro- 
wclTs (joolers. carbonate is washed uitli waler as I ho 

cylinder rotates, aiul is then automat icall\ 

scrajjcd off with a knife. \V'. Masoa\s analysis the soln. wJien ))!*i!ci])itatiun 

b( 'gins shows that 50 per cent, of t he sodium chloride luAS d(H*oinpose(l and 1 J *S per <*ent. 
of sodium rarbonat(' is in soln. The. inotln'r litjuid remaining aflci* the j>nM'ipitation of t)i<‘ 
RtHlium hydrocnrbnnate contains in grains per 100 c.c. : 

.Sodium ( Idol ido. Aininouium <‘arh()uutc. Sodium curkouati*. Ammonium chloiidc. 

0’.> 78*1 percent. 

while the jirccipit ate. eontains : 

Sodium chlori.lf. Sodium !iydr(»(uilKuuitc. Sodium carboiintr. Vmiuojiia. 

0*2 7I*:{ 4 0 0-5 24 0 per (out. 

d’ht'- mumonia is retained very tenaciously by the eiy.stals an<l cannot bo removed In 
washing. The mother liciuor contains about 00-92 per cent, of tlie ammonia original)} 
pmsent m the. ammoniatod brine ; about 8 }ier <-eiit. will luive been carried off by the current 
ot carbon dioxide in Solvay s tower, and is recovered as previously indicated. 

^ needed, t he hvdroeiirboiuite ivS ealciued : 

~Na.C0;3 1-H.dJ I 

I he .so(|iinu hydrocarbonatii is licaicd to drive off the moistun^ and ammonia, and 
subsequently to a higher tcinf). in a Thelen’s f>an which consists of cast-iron semicircular 
pates, t> to JO ft. in diameter and 7 to 8 ft. long, (damped together end to end in suitable 
llanges so as to make a length of 30 to 50 ft. The hydrocarboriato is fed mechanically 
into tlic furnace and carried backwards and forwards by a number of 8crap<TS attaclu'd 
to a rotating shaft, and ultimately discharged at the opposite end to the f(*eder. The 
])ans are heated externally longitudinally along the furnace. 

'I’ko carbon dioxide }/ivcn off during the calcination {oniw part of that used in 
the lirst stage of the opeiation. The mother liquid retnaiiiing after the separation 
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of sodium liydrocarbonato is treated with lime obtained by burning limestone : 
CaC03~Ca0+C02 ; and the ammonia is recovered : 2NH4CH-CaO=CaCl2 
4-H2O+2NH3. The ammonia and carbon dioxide evolved in these two operations 
are used again. Thus calcium chloride is the only by-product which is not utilized. 
(L Bodliinder and V. Breull enumerate the three main reactions as : NaCl+NHs 
-hCOa+HgO-NallCOg fNHiCl; CaCOa-^CaiO+COo ; and CaO+2NH4Cl=-CaCl2 
+2^13+1420, which are summarized into 2NaCl i-CaC03+C024’H20— 2NaHC03 
+CaCl2. The heat balance is therefore : 


Tablk XLVII. 


Heat consumed. 


Heat i>rt)du(‘e<l. 

CftClo iu soln. 

2 NaHC 03 solid , 

187-2 Cals. 

459 8 Cals. 

i 

j 

2NaCl solid . . ]95-2C«J8. 

CO 2 gas , . .97*0 Cals. 

(JaCOn solid . . 270*4 Cals. 

HjO lirpiid . . 68*4 Cals. 

'Cotal . 

(M7'0 Cals. 

j Total. . . 631-OCftla. 

i 


Consequently, 647 —631—10 Cals, are used up in the inverse reaction, the same 
([uantity is ai)Sor])cd by the te(dinical process, which is therefore possible only by 
supplying energy from without the system. The following is a schematic repre- 
sentation of the ammonia-soda process : 


NaCI 




N allCOg 

I 

iSTagCO,, 


Carbon 


CO, 


4^ 

NH4C1- 


NH- 


CaCO^ 

CaO 


I 

(Wl. 


NH^CI 


Several modilications ol' R. Solvay's ])roces.s have been proposed. For example, 
in T. ychlbsing’s proce.ss, solid ammonium liydrocarbonaie was used. E. Drcsel 
and J. Lennhof mixed sodium chloride with neutral ammonium carbonate, or 
sulphite, or borate, and precipitated the sodium salt - -carbonate, sulphite, or borate 
- by passing ammonia either under press, or into a well-cooled soln. (4, Claude 
recommended using synthetic ammonia iji the Solvay process, so as to obtain 
ammonium chloride to be used as a fertilizer ; there is no waste calcium chloride 
since the chlorine of the sodium chloride forms ammonium chloride. In 
H. A. Frasoh’s process, nickel or cobalt oxide, hydroxide, or carbonate is allowed 
to act on ap])roximately its e(j. of alkaline chloride in the presence of ajumonia ; 
and insoluble nickel liexainmi nochloride, Ni(NH3)ot'l2» i*^ formed : Ni(OH)2+6NH3 
I 2NaCl ~Ni(NH3)6CJ2 f-2NaOJr. When the double nickel salt is treated with 
milk of lime, nickel hydroxide is regenerated, and the ammonia c^an be recovered 
from ammonium chloride which is formed. The carbonates can be used in place 
of the oxides ; and potassium chloride in place of the sodium salt, M. Bernard 
used mcthvlamine, and J. Ortlieb and J. A. Miiller, trimethylaiuine, in j)laoe of 
ammonia for preparing potassium carbonate ; and H. de Grousilliers used alcoholi(j 
in place of aq. soln. J. Bower (1810) patented the use of sodium sulphate in place 
of sodium chloride in the ammonia-soda process. (1. '1\ (Jerlach, if. Oaskell and 
F. Hurter, G. Blattner, F. Hurter and .1. Omholt, and C. Wigg, also worked on this 
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process. In 1876, G. T. Gerlach (1876) and J. F. Chance (1885) proposed the use 
of sodium nitrate in place of sodium chloride in the ammonia-soda process. Sodiuu. 
hydrocarbonate and ammonium nitrate are formed : NaN08+NH4HC03-f NallCO., 
- 4 -NH 4 N 03 . The yield of ammonium nitrate is S7‘5 per cent, of the theoretical, 
and J, A. Colson recommends this process as being more favourable than the 
ordinary E. Solvay’s process. The residual sodium and calcium nitrates can be 
utilized as manures. E. W. Parnell and J. Simpson patented a combination of the 
Leblanc and ammonia-soda processes by decomposing the ammonium chloride pro- 
duced in the latter by the calcium sulphide produced in the former : 2 NH 4 ( 1 
+CaS=Ca0l2+(Nll4)2S. The latter escapes as vapour and is absorbed in water. 
The cold soln. is treated with carbon dioxide : (NH4)2S-t-2C02+2H20==2NH4HC()3 
-fH 2 S. The ammonium hydrocarbonate is treated with sodium chloride as in 
the ordinary process. 

Potassium carbonate cannot be made economically by Solvay’s process because 
the potassium hydrocarbonate is too soluble ; but if trimethylamine bo used in 
place of using ammonia, J. Ortlieb and J. A. Muller have shown that potassium 
hydrocarbonate will be precipitated. ** A great deal of the potassium carbonate of 
commerce is made by N. Leblanc’s process. 

The Leblanc process has had to meet severe competition with the aminunia-soda 
and the electrolytic process. It is probable that if it had not been for the sulphur 
recovery processes it would have been entirely defunct long ago, this not only on 
account of the losses of sulphur, but on account of the objectionable nature of the 
alkali waste. The Leblanc process, however, is generally regarded as a declining 
industry, although it still holds its own. The prop which keeps the Leblanc process 
from falling into oblivion is the by-product chlorine which can be sold at a good 
price in the form of hydrochloric acid or bleaching powder. The struggle ot 
the Leblanc ])roccss for existence is well shown by the following table, which 
gives the output of soda by the different ])rocosses expressed in tons per 
annum : 


Tablk XLVIll. 



1865 

1875 

1885 

1895 

1905 

1911 

Jx^blonc 

350,000 

490,000 

440,000 

270,000 

140,000 

130,000 

Ammonia-soda 

30,000 

320,000 

080,000 

1,700,000 

1,900,000 

Electrolytic 

— 



“ 

10,000 



50,000 

Total . 

350,000 

520,000 

760,000 

1,250,000 

1,850,000 

2,080,000 


The production of caustic soda has largely replaced that of carbonate by the 
Leblanc process, although the electrolytic process is a serious competitor in 
this field. 

The sodium chloride and sulphate regularly found in Leblanc soda ash are not 
usually injurious; the insoluble matter should not exceed 1 to 1^ per cent. It 
consists princi])ally of calcium carbonate, alumina, silica, and ferric oxide. The 
sulphides should not be detectable by lead })aper ; thiosulphates are destroyed 
in calcining the ash ; suljdiites are usually present and can be detected by 
iodine soln. ; and sodium hydroxide, except in the so-callcd caustic ash, does 
not usually exceed 1 per cent. The moisture in fresh ash ranges below one 
per cent. Owing to the mode of preparation, iish by Solvay’s process is more 
pure than that prepared by Leblanc’s process. It does not contain sodium 
hydroxide, sulphides, sulphites, or thiosulphates ; it may contain a slight excess 
of carbon dioxide ; a little sodium sulphate is always "present ; iron, alumina, 
and silica are present in minute traces ; sodium chloride is perhaps the only 
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impurity of note. The following are analyses of soda ash by Leblanc a and 
Solvay’s processes : 

KaOH NaCl SlOg Fe^O+AljOj, MgO CaCOj Water 

Leblanc ash * 96 7 0 1 0*3 0*9 1 0 0*4 0*1 — 0*7 

Solvayash . 98*8 — 04 0*2 009 002 0 1 0*04 0*36 

Salt-cake is used in the soda pulp and in the glass industries, and the demand 
has at times been greater than can be supplied by the salt-cake as a by-product in 
the manufacture of hydrochloric acid. As a result, the deposits of Glauber’s salts 
or mirabilite near the Downey Lakes (Laramie, Wyoming), Carrizo Plains (San 
Louis, Obispo County, Cal.), etc., have been exploited. 
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§ 31. The Properties oi the Alkali Carbonates 

Anhydrous lithium carbonate forma a voluminous white powder ; both 
A. Arfvedson ^ and L. Kralowansky obtained the salt in a crystalline form« and 
by evaporating a soln. sat, at 15"", F. C. Fluckiger obtained long prisms which, 
according to E. Mallard, belong to the monoclinio system, with axial ratios 
a:h\ c— 1*672 : 1 : P244, and )8=114° 26'. The fused salt also furnishes a mass 
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of crystals on cooling. Anhydrous sodium potassium, rubidium, and cjo. i , .1 
carbonates are white solids whose crystalline forms have not yet been deteriuiucd. 

Thespeciflc gravity of lithium carbonate, according to P. Kremers, is 2*11 J (17 > ) ; 
according to G. Quincke, 2*111 (0°) ; and, according to E. Mallard, 2*094. G. Quin, 
also found the sj). gr. of lithium carbonate at the m.p. to be 1*787, while E. Brunra 1 
found this constant to be 1*765 — 0’000M{6 — 900) at a temp. 6°, between 
and 1000''. The values for the sp. gr. of sodium carbonate range from P. A. Vdvni 
and C. A. Valson's 2*407 (20*5°), to L. Playfair and J. P. Joule's 2*4.30, to 
G. J, B. Karsten's 2*4659, to H. G. P. Schroder's 2*500, to E. Filhol's 2*509, and to 

(Quincke’s 2*509 (0°), F. Braun found 2*041 at 900®, G. (Quincke 2*041 at the jii.j)., 
and E. Brunner 1*9445— 0 0040(0— 900) at 0® between 800° and 900®. The sp. 
of potassium carbonate was found to be 2*103 by L. Playfair and J. P. Joule ; 
2-105 by W. C. Smith ; 2*2643 by C. J. B. Karsten ; 2*267 by E. Filhol ; and 
2*29 by H. G. F. Schroder. G. Quincke gives for the sp. gr. at 0® 2*3, and at the 
m.p. 2*2 ; while F. Braun gives 2*00 as the value of this constant at the m.]), 
E. Brunner represented the sp. gr. of lithium carbonate, D-~1*765~O*O(X)34(0“"9(K)) ; 
sodium carbonate, /)--~d*9445— O*(XK)4O(0-AKJ()) ; and potassium carbonate at 6 
between 8(X)® and 1000® by 1*900— O*CXK)4G(0—9fX)). The sp. gr. of rubidium and 
Ccesiiim carbonates have not been determined. G. Quincke also gives the surface 
tension of the molten lithium carbonate as 152*5 dynes per cm. ; molten sodiuru 
carbonate as 179*0 dynes per cm. ; and of molten potassium carbonate, 16()*2 dynes 
per cm. The corresponding values for the specific cohesion are respectively 
a-“ A7*39, 17*88, and 16*33 sq. min. (i. Wertheim measured the velocity of sound 
in soln. of sodium carbonate. 

According to 11. V. Rcgnault,® the specific heat of sodium carbonate previously 
fused is 0*2728 between 16^ and 98®, and 11. Kopp 0*246 between 18” and 18”. 
For potassium carbonate H. V. Regnault found 0*21623 between 2.3 and 29 \ 
and H. Kopp, 0*2(X*) between 17® and 47® -that is, 29*81 and 28*43 respectively 
per mol. H. Kopp also found the sp. ht. of rubidium carbonate to be 0*123 betw/‘on 
18® and 17®. According to A. Arfvedson, lithium carbonate melts at a dark tcmI 
heat, and, according to h\ 0. Fluckiger, it melts more readily than cdtlier sodiiuii ()r 
])otassiuTii carbonate, forming, according to K. Hermann, a viscous Iluid, wliicli 
freezes to a crystalline mass. W, Ramsay and N. Euimufopoulos give (>18' for 
the melting point of lithium carbonate ; T, Carnelley gave 699® ±4® in 1876, and 
695 ±4® in 1878; 11. le Chatelier gives 710” for the m.p., and K. Hiittiier and 
G. Tanniianii give 734*5” for the f.p. H. le CJiatclier observed tlic f.p. curve of 
mixtures of lithium and sodium carbonates has a eutectic at about 690® with 
mixtures containing 48*5 per cent, of sodium carl)onato ; wdth lithium and 
potassium carbonates, there is a eutectic at .500” with about 20 ])er cent, of lithium 
c.arbonate ; a maximum at 515*^ corresponding with potassium lithium carbonate, 
LiKfK)^ ; and a second eutectic at 492 ’ corresponding with 46*6 per cent, of lithium 
carbonate. According to K. Hiittner ami G. Taminann, there is a break in the heat- 
ing curve of sodium carbonate near 150”, showdng that it here undergoes a transfor- 
mation into another form, and th(‘y estimate the heat of the transformation to be 
iii b*^at of fusion ; (). Saclcur gives approximately 1 cals, per gram. According 

to A. Jac<)uelain, sodium carbonate melts more readily than the potassium salt. 
The m.p. of sodium carbonate is according to V. Meyer and W. Riddle ; 

850'' to 807-3°, J. McCrae; 852°, C. T. Heycock and F.‘ H. Neville; 851°, 
W. Kainsay and N. J-ilumorfopordos ; 852'', K. Arndt ; and 853°, K. Hiittner and 
(r. Tamrnann. According to Jl. le ('hatolior, the m.p. of sodium carbonate is 
lowered 200° when mixed with 31-7 per cent, of sodium chloride ; l-W" by 51-5 per 
cent, of potassium carbonate : and 30° by 30-8 ])cr cent, of sodium sulphate. 
(). 8ackur has also measured the effect of additions of about 10 per cent, of sodium 
or potassium chloride, on the f.p. of sodium carbonate. According to P. Niggh' 
the binary system sodium chloridt! and carb()nate has a eutectic at 640°. According 
to K. Hiittner and (-J. Tamrnann, there is a break in the heating curve of potassium 
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carbonate at about 410®, analoi^oas to the break at 450® with sodium carbonate, 
V. Meyer and W. Kiddle found the m.p. of potassium carbonate to be 878*6® ; 
H. le Chatelicr, 885® ; J. McCrae, 888*9® ; W. Kamsay and N. Eumorfopoulos, 
880®; K. Huttncr and G, Tammann, 894®; and K. Arndt, 90(^®. According to 
P. Niggli, potassium and sodium carbonates form a continuous scries of mixed 
crystals with a minimum point on the curve at about 712® with about 46 mols. 
per cent, of potassium carbonate. According to R, Bunsen, rubidium carboiiate 
melts at a red heat, and T. Carnelley and W. 0. Williams place the m.p. at 837®. 
0. Sackur calculated the heat ol fusion of sodium carbonate to be 82 cals, per gram ; 
and potassium carbonate, 66 cals, per gram. The molecular lowering of the 
freezing point of potassium carbonate as a solvent is 41 ®, and of sodium carbonate, 
31®. 0. Sackur studied soln. of potassium chloride, sodium chloride, and potassium 

or sodium manganate in fused alkali carbonates. 

The volatility of lithium carbonate was studied by R. Bunsen ; he foiuid that 
this compound volatilizes in the hottest part of a Bunsen flame 8*74 (and by 
T. H. Morton and D. M. Roth 10) times as rapidly when melted as the same (juantity 
of sodium chloride. According to L. Troost, lit hium carbonate begins to decompose 
before it melts, and when melted it loses carbon dioxide, rapidly at first, but more 
slowly later on, until but 17 per cent, of the total remains, and P. Lcheau found 
that when heated in vacuo, all the carbon dioxide can be driven ofT, and a ])art of 
the resulting oxide is volatilized. P. Lebeau found the dissociation pressure of 
lithium carbonate to be at ; 

580° 610"* 620° 740° 840° 030' UKM)’ 1200° 

Press. . .0 1 3 19 37 (51 91 300 mni. 

J. Jolinston also measured the dissociation press, of lithium carbonate, and estimates 
that it is about an atm. at 1270'^. W. Dittmar found that lithium carbonate is 
converted into the oxide when heated in a stream of hydrogen. 

Sodium carbonate was found by R. Bunsen to volatilize in the hottest part of 
a bunsen flame 7*50 (and by T. II. Norton and T>. M. Roth 7*38) times as rapidly 
as the same quantity of sodium chloride. W. Dittmar investigated the behaviour 
of sodium carbonat<*. on ignition with a view of using this salt as a standard for 
})reparing normal soln. of acid ; he found that this salt is not changed by heating 
it to redness in an atmosphere of carbon dioxide, l)ut in nitrogen or in hydrogen, it 
respectively decomposes into oxide and hydroxide. J. L. Gay Lussac and 
L. J. Tlicnard, and M. Jaccjuelain found that if melted in a platinum vessel, steam 
will drive out carbon dioxide in consequence of the formation of sodium hydroxide. 
According to P. Lebeau, .sodium carbonate dissociates when heated to a high temp, 
in vacuo ; and some is volatilized ; the dissociation press, is : 

700° 880° 990° 1010° 1100° 1150° 1180° 1200° 

i^ress. . . 1 10 12 14 21 28 38 41 mm. 

J. Johnston also measured the dissociation press, of this salt and found it to be an 
atrn. at 1500®. T. Scliecrer noted that sodium carbonate lost 1*34 to 1*38 per cent, 
in weight when heated to yellow heat (c. KXX)®), and about half per cent, at a red 
heat. E. Mallard found that when heated in a blast flame, sodium carbonate <lid 
not lose more than 1*75 per cent, in weight if the crucible be in the caibon dioxide 
zone of the flame ; but if air free from carbon dioxide be simultaneously passed 
through the crucible, the loss is proportional to the time — about 1*5 mgrin. per 
minute. According to R. Kissling, a loss of carbon dioxide can be detected when 
sodium carbonate is heated to 40()®, and, according to R. Hefelmann, the loss is 
not recuperated completely on cooling. Purified sodium carbonate fused in an 
atm. of carbon dioxide is a glass wliich is not very hygroscopic and is very suitable 
as a standard for preparing soln. for volumetric analysis. When heated in platinum 
crucibles over a gas blowpipe flame, the diffusion of some hydrogen through the 
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platiiiuia walls may decompose a minute quantity of carbonate, as was shown l)\ 
8. U. Pickerinj^. 

Potassium carbonate was also found by B. Bunsen to volatilize 3 23, and hv 
T. H. Norton and D. M. Roth 3*61 times as fast as the same quantity of sodimn 
chloride under similar conditions. P. .Leblanc found that it can be completely 
volatilized in vacuo and that its dissociation press, is : 

730'’ 790® 810® 890® 980® 970® 1000® 1090® 

Press. . 0 0*6 1 3 5 0 12 17 mm. 

T. Scheorer found that when heated to a yellow heat (c.lOOC^), in a closed platinum 
crucible, potassium carbonate loses about 0*5 per cent, in weight owing to the loss 
of carbon dioxide which is taken up again at lower temj). W. Dittmar could dctc( t 
no change when heated to redness in an atm. of carbon dioxide, but it is partially 
converted into oxide in an atm. of nitrogen, and still more so in an atm. of hydrogen. 
P. Lebeau found that rubidium and caesium carbonates lose carbon dioxide wlien 
heated in vacuo, and, if the vacuum be maintained, decomposition is complete. 
P. Lebeau also found that the dissociation press, of rubidium carbonate ifT: 


690® 740® 830® 

Pres.s. . . 0 2 (» 

870® 000® 

8 10 

990® 

IS 

1020® 

20 

1080® 

33 mm. 

and the dissociation press, of cajsium 

carbonate : 




61 O” 630“ 680“ 

Preaa. , . 2 4 8 

830® JOOO® 

32 44 

1130® 

121 

ll.'iO® 

137 

1180® 

157 mm. 


D. D. Jackson and J. J. Morgan found the vapOUr pressure of the oxide derived 
from potassium carbonate to be 1 (58 mm. of mercury at 970", and 5*0 mm, at 1130 . 

According to W. E. Muller, the heat of formation : 2Li011a<, h C02aq="^Li2CO:,aq 
-l-20*4 Cals,, and for (Li20, COg) R- do Porcrand gives 54*23 (Jals. N. N. Beketoll 
gave for (NaoO, COo), 75*92 Cals., R. de Forcrand, 76*88 Cals. ; and J. Thomsen, 
75*92 Cals. ; for (Na^, 0*2, CO2)* 243*64 Cals, ; and for (2Na. C, 30), 272*64 — M. Berthe- 
lot, 270*8 Cals.; and R. do Forcrand, 271*97 Cals. J. Thomsen also ’gives for 
(2Na, 20, CO, lOHgO), 265*44 Cals.; for 2Na0H-i-C02-Na2C03.H20 + 43*69 
Cals.; 2Na20^<i+C09a(,=^2018 Cals.; 2Nu2O+2CO2=-22*03 Cals.; and for 
2Na20+0*5C02--10*3(l Cals, M. Bertholot found 2KOHaq+C02aq--20*2 Cals. 
R. de Forcrand gives for (K2O, CO2), 92*46 Cals. J. Thomsen gives for (2lv, C, 30) 
281*1 Cals. ; M. Bertholot, 278*8 Cals. ; and R. do Forcrand, 275*37 Cals. 
R. de Forcrand gives for (2Rb, 0, 30), 274*9 (Jals. ; for (Rb2()2C02), 97*47 Cals. ; 
for (2C8, (', 30), 274*54 Cals, ; and for CS2O, C'02), 97*53 Cals. It will be observed 
that R. de Forcrand's values for the heats of formation of the normal carbontites 
of potassium, rubidium, and caesium decrease with increasing at. wt, of these 
elements — viz. 275*37, 274*9, and 274*54 Cals. — a result 'which a priori appears 
highly improbable. He also gives for 2RbOHft,,4-CO2aq=20*57 Cals. ; and for 
2CsOHaq4 C02aq— 20*57 Cals. According to J. Thomsen, the heat of hydration 
for the first molecule of water by anhydrous sodium carbonate is 3*382 Cals. ; for 
the second, 2*234 Cals. ; for the third and fourth, about 2*109 Cals. The 
heat of formation of the monohydrated carbonate from the anhydrous salt : 
Na2C03-4*H20iiquui==Na2C03.Ho0“|-3*382 Cals. ; for Na9C03.HoO-|-6H20jiquid 
=-Na2C03.7H20+13*02 Cals. ; and for Na2C(>3.7H2O+3H2Ouquid=-Na2CO3.10H2O 
4“5*394 (>als. J. Thomsen gave 21*8 Cals, for the heat of formation of the deca- 
hydrated carbonate from the anliydrous salt ; and P. A. Favre and C. A. Valson, 
23*0 Cals. 

According to M. Berthelot and L. Ilosvay de Nagy Ilosva, the heat of solution 
of anhydrous sodium carbonate is 5*64 Cals.; of Na2C()s.H20, 2*25 Cals.; of 
Na2CO3.2IJ20, 0*02 Cals. ; and of Na2CO3.10H2O, —16*16 Cals. ; the heat of solu. 
of anhydrous *sodium carbonate at O'" is 2*810-1-0*022(0 — 0*015) Cals. M. Berthelot 
in his study : Les sets doubles prepares par Jusion^ found that sodium carbonate 
after fusion dissolves in water with a greater evolution of heat than it does before 
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fusioif, and suggested that the salt exists in two modifications with different heats 
of Boln. in water, S. IT. Pickering, however, showed that the excess of heat with 
the fused salt is due to a certain fraction of the carbonate having been decomposed 
during the process of fusion — vide supra. According to J. Thomsen, the heat of 
soln. of anhydrous potassium carbonate is 6’49 Cals., and, according to M. Berthelot, 
6*54 Cals. The heat of soln. of anhydrous potassium carbonate at is, according 
to M. Berthelot and L. Ilosvay de Nagy Jlosva, 6*r)()+O’()74(0~-15) Cals. According 
to M,. Berthelot, at 17*6", crystallized hydrated potassium carbonate dissolvers 
with the absorption of heat, furnishing —0*122 Cal. at 32", and also, according to 
L. C. de Coppet, at 100", with the evolution of heat, e,g, -f 0*120 Cal.; at 25?, 
heat is neither absorbed nor evolved. According to J. Thomsen, the heat of 
soln. of potassium carbonate, K2C03.1iH20, is —0-38 Cals., and of the partly 
dehydrated potassium carbonate of the composition K2C03+iH20, 4*28 Cals. 
According to M. Berthelot, the lieat of formation, K2C03+^H20iit,ai(i==6*88 Cals. 
It. de Forcrand gives for the heat of soln, of rubidium carbonate, 8*75 Cals., and for 
ceesiumparbonate, 11*84 Cals. N. fialitzky measured the heat of soln. of potassium 
carbonate in mixtures of alcohol and water, and noted that less heat is evolved 
than is the case with water alone ; the maximum occurs with *50 j)arts of alcohol 
for 100 of water. 

J, Thomsen found the heat of dilution of Na2C03+30H20 with 50 rnols. of 
water, —0*556 Cals. ; with 100 mols. of water, —1*190 Cals. ; and with 200 mols., 
1*601 Cals. W. A, Tilden gives for the heat of soln, of a mol. of sodium carbonate 
in 100 mols. of water at 22", 6*322 Cals. ; at 35"~4()", 6*842 Cals. ; at 40"~45", 
6*768 Cals. ; and at 50"-55", 6*958 Cals. 1\ A. Favre also reported that a soln. of 
potassium carbonate sat. at 24", develops much heat wJien diluted with water. 
The heat of dilution of potassium carbonate amounts to —0*10 to —0*70 Cal. 
The difference in the heat of soln. of potassium carbonate soln. of different cone, 
indicates that hydrates are present in the more cone. soln. and that their heat of 
formation is positive, and heat of soln. negative. 

The hydrates of lithium carbonate have not been investigated, but quite a 
number of hydrated forms of sodium carbonate with 1, 2, 2|, 3, 5, 6, 7, 8, 9, 10, 
and J5H2O have been reported, though the majority of these are probably mixtures 
or intermediate stages in the passage from a higher to a lower form. The first of 
these occurs as therntonairiie, Na2C03.H20, or monohydrated sodium carbonate 
efflorescences in Hungary ; as an incrustation on the lava from Vesuvius ; the 
soda deposits in Egypt ; near the coast at Aden ; neaV* Ararat ; Borku (Afru'a) ; 
and as a soil efflorescence at San Joaquintal (California). According to W. Haklin- 
ger’s analysis,^ the formula is Na2C03.1JH20, but 11. Schindler's and H. Lowel’s 
work showed that the formula is more correctly Na2CU3.H20, Attempts have been 
made to show that this compound is the disodium salt of orthocarbonic acid, 
C(0H)2, namely, (OH)2C(ONa)2, although, of course, it is not known how the water 
is associated in the molecule. 

H. Lowel obtained monohydrated sodium carbonate as a crystalline crust by 
boiling aq. soln. of sodium carbonate. According to W. Haidinger, this salt crystal- 
lizes from aq. soln. of sodium carbonate between 25" and 37" ; R. Schindler said 
75"; and J, C. G. de Marignao gave 80". As indicated in Fig. 68, mouohy- 
drated sodium carbonate is the stable solid phase in the presence of aq. soln. at a 
temp, exceeding 32*5" — ^the transition point for the transformation of decahydrated 
sodium carbonate to the heptahydrated carbonate : Na2C03.7H20;^Na2C03.H20 
+6H2O. According to J. C. G. de Marignao, the transition point is lowered by 
the presence of salts like sodium chloride, or potassium carbonate, and this fact 
may account for W. Haidinger having obtained the salt at temp, below the normal 
transition point. According to W. Haidinger, the monohydrated salt is formed when 
the decahydrated salt is melted in its own water of crystallization ; and, according 
to R. Schindler, it is also formed when one of the higher hydrates is kept at a temp, 
between 32*6" and 37*5'^. The crystals of monohydrated sodium carbonate. 
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Na2C03.H20, form bipyramidal crystals belonging to the rhombic system^ with, 
according to J. C. G. de Marignac, the axial ratios a : 6 : c:“()-8268 : 1 ; ()-404t. 
The sp. gr. of the natural salt, thermonatrite, is given as 1*5 to TO ; and the hardness 
as I’O to r5. According to W. Haidingor, it does not melt when heated, but loses 
its combined water between ST" and IOC — G. J. Mulder gives 73 "" — and forms a 
pulverulent mass. The curve in Fig. 68 shows that the monohydrated salt is less 
soluble in water to, say, 101° than it is at the lower temp. 38°, so that, as H. Lbwtl 
pointed out, on heating a sat. soln. of the salt crystals of the monohydrated salt 
separate as the temp, rises, and redissolvo as the soln. cools, According to 
a. Schindler, the monohydrated salt in dry weather at 12*5° absorbs enougli wab'r 
from the air to raise the percentage amount of contained water from 14*5 to 46 0, 
and in moist air it absorbs still more : it also absorbs some carbon dioxide from tbe 
air, forming the sescpii-carbonate. H. Lescceur has measured the vap. press, p of 
sodium monohydrated carbonate, and R. M. Caven and If. «l. S. Sand found it to be 
7*9 mm. at 30*5° : 93*2 mm. at 66*4° ; and 539*1 mm. at 97*7°, and they represent, 
a whole series of observations by the formula log p~~a~hjT^ where T represents th(‘. 
absolute temp, and a and h are constants respectively ]0*825 and 3000*0. Sin< e 
the heat of the reaction Q is related with the constant i, by f^—log \0Jih, wlicn* 
R denotes the gas constant, 2 cals, per mol. per degree, the heat of dissociation of a 
mol. of monohydrated sodium carbonate is 13,800 <-aIs. 

In preparing sodium monohydrated carbonate, the wet crystals may combine 
with the adherent mother liquor, forming the decahytl rated salt, and this accounts 
for the high results usually obtained in detenninations f)f the amount of water in 
the erystais : and it possibly explains bow a number of other hydrated salts have 
been reported at different times. The evidence of the ixidividuality of the crystals 
of sodium carbonate with 2, 2^, 3, 5, or GII2O is cpiite inadequate. 

J. "rhonison ® reported that dihydrated sodium carbonate, NaX03.2H20, sr'parales from 
the hot li(pii(l obtained by molting tho docahydrated carbonalo. \V. Haittinger sayH tbt^ 
inonobydratod salt is formed under iln'se eonditions. According to A. Aforel, hemi-pnita- 
hydrated sodium carbonate, Na.2CO3.2jH.2O, crystallizes in ncedlediko crystals from cone, 
soln. of Solvay soda between 18^ and 25®; and by evaporating below 25® a mixed soln. 
of sodium earborjate in .sodium £>hoHphato. Ho adds that the crystals do not chang(‘ very 
much when kept in their own mother licpiid between 0® and 40®, and that the rhombic 
prisin-j liavo the axial ratios a : 5 : c~--0*794 : 1 : 0-439. h\ 8chi(‘kendaiiTz reported tri- 
hydrated, sodium carbonate, Na^COa-^Il .^O, to bo associated with tho eftlorcscent soda in 
tlie dried river beds of the CordiLlcra.s. It. Schindler says that the weathering o£ tho 
cry.stal.s of decahyd rated sodium carbonate in dry air at 12*5'^ furnishes crystals of prnfa- 
hydrated sodium carbonate, NagCOj.SHgO ; d. J. }}erzi*lius also says that those crystals 
aro formed at 33® by inedting tho decahydrated salt and jiouring off the clear liquid. 
J. F. Persoz added that the crystals are rhombic ociahedra wliich crystallize unchungi'd 
from water at about 30®. E. Mitschorlicli reported the formation of crystals of hexahydraled 
sodium carbotuite, NajiCOa-GIlyO, when soln. of sodium sulphido are exiiosed fo air, and 
form an aq. soln. of sodium carbonate and sodium chloride. 

T. Thomson® discovered that crystals of heptahydrated sodium carbonate, 
Na./!03.7H20, were formed during the cooling of the liquid obtained by heating 
the decahydrated carbonate up to its m.p., or by (iooling a hot sat. aq. soln. at a 
temp, lower than that at which crystals of the monohydrated carbonate are formed, 
and higher than that at which the decahydrated carbonate is formed. The range, 
of stability is indicated in Fig. 68. 0. F, Rammelsberg also obtained tlie 
heptahydrated carbonate by cooling the melted decahydrated carbonate. 
C. F. Rammelsberg also consid<ired that W. Haidinger’s crystals of the mono- 
hydrated carbonate arc really the hejitahydrated salt because tho analysis by 
W. Haidinger showed the presence of 17*74"per cent, instead of 14*47 per cent, of 
water required for the monohydrated salt. R. Schindler attributed the large pro- 
portion of water in W. Haidinger s crystals to their having been but imperfectly 
freed from the mother liquor by drying at 37*5° between filter paper. 
J. (L G. de Marignac occasionally obtained crystals from soln. containing sodium 
iodate, and he specially remarked on la beaute des ctistaux which separated from 
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soln. •bbntaining sodium chloride or nitrate in addition to the sodium carbonate. 
H. Lowcl also emphasized the importance o£ preventing access of air to the soJn. 
from which the heptahydrated carbonate is to be obtained — possibly because atm. 
dust contains some sodium decahydrated carbonate dust, which inoculates the solu- 
tion with the wrong nuclei. H. Lowcl also noted that there are dimorphic forms 
of the crystals — rhombohedral and rhombic — with different solubilities in water. 

The clear transparent rhombohedral crystals of a-Na.2t‘03.7H20 are unstable 
and readily pass into the rhombic bipyramidal crystals of j8-Na2C()3,7H20. The 
crystals of the a-salt soon become milk-white owing to the formation of the deca- 
hydrated salt by the re-crystallization of tfie heptahydrated carbonate moist with 
the adherent water. The solubility curve is indicated in Fig. 68. IT. Lowel pre- 
pared the unstable rliomboheclral or a-salt in the following manner : 

Half fill a flask with a sat. a(j. aoln. of sodium carbonate, and boil the liquid for 15—20 
iiiinutos until a little monohydrated carbonate is formed, (’lose the flask witli a cork, 
fitted with two glass tubes, and kcuqi the temp, at till some crystals arc formed. 

Hun in alcohol of s]). gr. 0 835 and temji. of 45'' until the flask is full. Crystals of the a-salt 
are formed after standing four or five days at a temp, of 1(»‘22''. The crystals are isolated, 
by drawing on the mother liquid, and adding alcohol before Die mother liquor is quito 
gone. The remaining mother liquor is then drawn off. 

The crystals of heptahydrated sodium carbonate prepared by T. Thomson, 
J. C. (t. de Marignac, and C. F. Haminelsberg were rhombic bipyramids which 
possessed, aeeording to the last-named savant, the axial ratios a :h : c 
__.()• 7508 ; 1 : ()-8604 : and whi(di, according to J. Traiibe, are isomorphous witli 
heptahydrated sodium siil[)hite, Na2S()3.7H20. The mixed crystals of the two 
salts had a sj). gr. between 1*521 and 1*531, and contained Na2C03.7H20 ; 
Na2S03.7n20~-l :0’C)7 to 0*45. T. Thomson gave 1*51 for the sp. gr, of the salt 
ho prepared ; lie also said that it is less fusible than the decahydrated carbonate. 
H. Lowel’s directions for preparing the stable rliombic or j8-salts are : 

Forty parts of the decahydrated salt are boiled in a flask with 8 to 10 parts of water 
until evi'rything is dissolviid, and no moiioliydraiocl salt is forme<i. (.’lose the flask with a 
cork fitted with two glass tuhi's. Hour in al<*oliol as in the preparation of the a-salfc, and 
keep the flask <*lose<l till the two li((uids have mixed. Hoctangular ciyst-al- platens of the 
/}-salfc are foniiod — tho growth of the crystals generally begins near the zone of contact of 
the two li(piids. 'J’he crystals are left in contact with the alcohol six to eight days after 
the salt liquor has been <trawn off. 

The crystals of this salt prepared by T. Thomsun's ])rocess were formerly stated 
to be sodititn oclohjdrated carboitate, Na./JOij.iSlloO, but H. Lowcl proved that this 
is a mistake ; the product is sodiiuu heptahydrated carbonate. The j8-hopta- 
hydrated carbonate is less soluble than the a-salt, and more soluble than the deca- 
hydrated carbonate, so that a soln. sat. with the a-salt is supersaturated with respect 
to the j8-salt, and the decahydrated salt, Tlie transformation of the a- into the 
j8-varicty occurs while the salt is in contact with its mother liquid at very variable 
temp,— sometimes at 23^^, more often below 1()'\ Tlie ^-salt cflluresces in dry aii*, 
and passes into the monoliydrated <iarbonate at about 32'\ An ap])reciable amount 
of heat is developed during the crystallization of a supersaturated soln., and this 
is greater for the j8-he])taliydratod carbonate than fur the a-salt ; but less than for 
the decahydrated carbonate. The teni]). rose from 20*5'^ to 22*5'^ during the 
crystallization of the ^-salt froin a sat. soln. 

When soln. of sodium carbonate are crystallized at com])aratively low temp., 
transparent monoclinic prisms of decahydrated sodium carbonate, NaoCX^^-lOlL^O, 
are formed. The range of stability is indicated in Fig. 68. According to 
W. Haidinger,’ tho axial ratios are a \ h: c~-l*4186 : 1 : 1*4828, and ^ ---122*^ 2C/. 
The crystals have been studied by H. J. Brooke, H. de Senarmont, C. Kammels- 
borg, and A. des Cloizeaux ; while J. Traubc studied mixed ciystals with deca- 
hydrated sodium sulphite which contain Na2C03.10H20 : Na2SO3.10ll2O— 1 : 0*13 
to ()*18, and have a sp. gr. between 1*501 to 1*502. The reported values for sp. gi*. 

VOL, II. 3 c 
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of the crystals of decaliydrated sodium carbonate range from W. Haidinger'y 1 403 
to F. Stolba s 1-4402 (16^) ; to J. P. Joule and L. Playfair^s P454 ; to S, Unikei ', 
1’455 (15*5'') ; to P. A. Favre and C. A. Valson’s 1*456 (19°) ; to H. Schifl’s j 17,“) . 
and to H. Schroder’s 1*478 ; J. Dewar’s value at —188° is P4926, and ho also irjvfH 
the coeff. of expansion at 17° as 0*0000787 ; and between — 188° and 17°, 0'(Xj()| :)(;:j. 
W. Haidinger’s values for the hardness are from 1*0 to 1*5. G. J. Mulder give s t\n\ 
m.p. at 32*5° ; H. Lowel, 34° ; and H. Debray, 34*6°. According to R. Scluiuilor, 
the fused salt furnishes crystals cli Na2C03,H20, leaving a liquid which contiiins 
more water than corresponds with Na2C03.10H20, and solidifies at 3;j ;y. 
T. W. Richards and.J. B. Churchill give the transition point for Na2C03.1(»l]^() 
^Na2C03.IT20"l~9H20 at 35*2°. According to R. Schindler, decahydrated soflii^]! 
carbonate effloresces rapidly in dry air, and in vacuo over sulphuric acid, it forms 
the monohydrated carbonate. In 1818, H. Watson noted the connection between 
the humidity of the air and the rate of efflorescence of decahydrated sodium 
carbonate. He found that when the dry-bulb thermometer registered 6" to . 
and the wct-bulb thermometer 2*8° to 3*9° lower, a mol. of the salt lost 3*2 parts 
of water and none afterwards ; and if the wet-bulb thermometer be 8*9° when tlie 
dry-bulb thermometer is 14*4°, the salt effloresces. On the other hand, the powdered 
anhydrous salt absorbed nearly 62 per cent, of water with six weeks’ ox/iosure—the 
salt was repulverized from time to time. R. Schindler says that the elilorcscencc 
of the salt at 12*5° furnishes pentahydrated sodium carbonate, but the product is 
probably a mixture of the deca- and mono-hydrated carbonates ; R. Schindler 
says at 38°, and G. J. Mulder at 31°, the decahydrated salt forms the monohydrated 
salt. H. Hammerl studied the vap. press, of sodium decahydrated carbonate, and 
H. Lcscoeur, found the vap. press, at 20° to be 24*2 mm., while the vap. press, of 
water at the same temp, is but 17*4 mni. II. Del)raj7’ says that the vap. press, of 
the salt is not altered when melted. 'J’he solul>ility of the decahydrated salt in 
water is indicated in Fig. 08. 

According to M. Jacquelain, sodium j^mladccahydratrd carbonate, NaaCOs.lTiH oO, is 
formed by crystallization from a snporsaiurated soln. at - 20^, and it passes into the 
decahydrated salt in vacno. M. JacqueJain's salt is possibly a mixture of ico and tin? 
cryohydrate. M. .Facqueluin also reported aft c/ sodium carbonate, NagCOa-OH 

to be formed by passing carbon dioxide into a soln. of the normal carbonate until a little 
sodium hydrocarbonate separates out ; and ho says that the mother liquor furnishes 
crystals ot the enneahydrated salt mixed with crystals of the hydrocarbonate. This, too, 
is probably a in al -interpretation. 

According to A. Berard, J. E. F. Giese, G. V. M. Fabbroni, R. Pbillipp, 
IT. W. P. Wackenroder, L. A. Planche and L. R. Lecanii,® and A. B. Poggiale, 
crystals of potassium carbonate with about 20 per cent, of water crystallize from a 
cone. aq. soln, of potassium carbonate on long standing. The salt Tvas acc,ordingIy 
regarded as dihydrated polaasium carbonate, K2CO3.2H2O, which has 20*6 per cent, 
of combined water. G. A. StMeler showed that the crystals arc more readily 
obtained from soln. made alkaline with potassium hydroxide, and that their com- 
position is more probably sesquihydrated potassium carbonate} K2C03.ipi2G, m* 
2K2CO3.3H2O. Probably to (J. F. Rammelsberg, the axial ratios of the monoclinic 
prisms are a:h: c^()*9931 ; 1 : 0*8540, and jS^lll'^ 24'. A. Kenngott and 
J. C. G. de Marignac have also made observations on the crystal constants. 
G. T. Gerlach gives the sp. gr. 2*043 at 4°. H. Lescoeur found the vap. press, at 
20° to be small, and at 100° about 10(3 mm., and from the vap. press, curve, he infers 
that this is the only hydrated form of potassium carbonate. The salt deliquesces 
in air— rapidly, according to J. J. Pohl ; and only if the air is very moist, according 
to G. A. Stadeler. J. J. Pohl also says that it dissolves in water with the evolution 
of heat. The solubility curve is shown in Fig. 69. L. C. de Coppet has studied the 
solid phases in soln. of potassium carbonate. 

According to J. J. Pohl, potassium sesquihydrated carbonate loses 5*69 per cent, of 
water at 100^, and forms monohydrated potassium carbonate, KjCOa.HjO, which at 130®-135” 
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loses all its water. G. J. Mulder found that the dry residue obtained by evaporating a 
cone. aq. soln. of potassium carbonate at 104® has about 20 per cent, of water — KaC08.2H 2 O ; 
at 118®, J 1*6 per cent.- -KaCOa.HgO ; and at 133®-136®, only 0*5 to 0*8 per cent, of water 
remains. H. Goldschmidt patented a process for preparing what he regai*ded as the 
rnonobydratod carbonato by evaporating a cone. soln. at a suitable heat with constant 
stirring until the maas is dry. A. Morel reported that trihydrated potassium carbonate^ 
K2CO8.3H2O, is formed by cooling a warm cone. soln. of potassium carbonate below 10®. 
Tho rhombic prisms are stated to have the axial ratios a : 6 : c=0’744 : 1 : 0*384, and to 
be stable in air ; they are slowly dissolved by cold water and rapidly by water at 50^-60®, 

G. T. Gerlach prepared crystals of what ho regarded as tetrahydrated potassium carbonate, 
K2CO3.4H3O, of »p. gr. 1 *997. The individuality of these three hydrated forms of potassium 
carbonate has not been clearly vindicated. 

According to G. Kirchhoff and A. Bunsen, the evaporation of soln. of csesiuiu 
or rubidium carbonates furnishes crystals of the hydrated salt. G. Kirchhoft 
and K. Bunsen add that the crystals deliquesce rapidly in air, and when heated 
melt in their water of clj^ptallization, and finally form the anhydrous carbonate 
as a white pulverulent mass, which rapidly deliquesces in air. The hydrated forma 
of rubidium and caesium carbonates have not been more closely investigated. 

The solubility of lithium carixinate in water is low : next to the phosphate 
and fluoride, lithium carbonate is the most sparingly soluble of the known lithium 
salts. L. N. Vaiiqiielin ^ found that 100 parts of cold water dissolve one part of the 
salt. P. Kremors found O'TfiO grm. was dissolved at and 0*778 at 102*^. 
J. Bevad, C. N. Draper, L. Troost, A. B. Poggiale, L. Tschugaef! and W. Chlopin, 
A. Payen, and F. A. Fltiokiger give data from which it follows that the solubility 
per 100 grms. of soln., with Li 2 C 03 as the solid phase, is : 

0® 10® 20^ 25^ 30^ 40® 50® 60® 80“ 100“ 

Grms. LigCOa . .1*52 1*41 1*31 1*28 1*24 MG 1*07 1*00 1*84 0*7Z 

The solubility of sodium carbonate in water lias been investigated by 0.’ J. Mulder, 

H. Ldwel, K. Reich, C. JT. Kctner, A. Payen, etc., from which it follows that the 
solubility per 100 grms. of soln. is : 

0® 10® 20® 30’ 32*5“ 40® 60® 80® 100“ 106“ 

Grms. NaaOO;, . 0*5 11*1 17*7 22*0 31*G 31*5 31*5 31*4 31*3 3M 

Solid phase , ^^aaCOa.lOll oO Na2C03.H20 

The results are plotted in Fig. 68 ; a more comprehensive curve, by A. Smits and 
J. P. Waite, is shown in Fig. 2, Ca]). X. The solubilities of the two sodium 
heptahydrated cjarbonatcs, rhombohedral (unstable) and rliombic (stable), are : 

NajjCOa.THgO ()=■ 10® 20® 30® 32* .5® 35“ 

Rhombic , . . 16*9 20*8 25*1 30*3 31*8 33*9 

Rhombohedral . . 242 27*4 31*3 — — — • 

F. Guthrie places the cryohydric temp, at —2*10'^ for soln. containing 6*93 per cent, 
of Na 2 C 03 . The curves shown in Fig. 68 are obtained by plotting the observed 
data. At tho transition jioints the solulnlities of tho two hydrates are tho same, 
and R. C. Wells and D. J. McAdam give 32*00'' for the transition point between 
the deca- and stable hepta-hydrated carbonates ; 35*37'' for the transition point 
between tho hepta- and mono-hydrated carbonates ; and 32*96° for the mctastable 
transition point between the deca- and mono-hydrated carbonates. The hepta- 
hydrated carbonate is solid at 35*37°, and this temp, represents an incongruent m.p. 
If the heptahydrated carbonate is formed, tho m.p. is a congruent one, but has 
not been exactly determined — W. A, Tilden's approximation is 34°. C. Tomlinson 
and H. Lowel noticed that soln. of sodium carbonate show undercooling, and 
H. Lowel oliserved no effect when an electric current was passed through the 
undercooled soln. B. M. Jones has studied tlio crystallization of undcrcooled soln. 

Both hydrated and anhydrous potassium carbonates deliquesce rapidly in air, 
forming an oily liquid formerly called oil of tartar, liquor 7 iitri fixi, and oletim iartari 
'per deliquium. R. Brandes found that anhydrou.s potassium carbonate absorbed 
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3 G times its weight of water from sat. air in 42 days. The solubility of poiiisMuni 
carbonate has boon determined by C. J. Mulder, L. C. de Coppet, and 11. ('. hilil,its. 
The best re))resentative values 

0'^’ Ur Zir MV' 40'’ 60" 100" 1.(1 

Grins. K 2 CO 3 . . 50-3 52*2 52 8 53*3 54*0 50*0 (iO l) Oii :> 

when the solid phase is sesquihydrated potassium carbonate, K 2 CH) 3.1 JlloO. The 
cryohydric temp, is —30*5'^ for soln. containing 39'G grins, of K^CO^. Both 
ca*sium and rubidium carbonates are very soluble in wat(n*, but solubility datu 
are not available. G. Geffcken has studied the effect of various salt additions on 
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(be solubility of lithiuiii carbonate at 25^’. Expressm;. 
litre, when the soluliility in water alone at 25' is 12 G3 : 

< I nils, of 
20 
40 
100 
1 20 
140 
200 

Acc.(.r(ling to tlic ioniu liypothesis, if the solut)ilit.y j.roduct, [Li]-[(;()" 3 J 
iiltejed, the solubility ctin bo iiieroased by Ibe union of one or other of the ious 
of tlic (iu bonute fonniTisj; coniplexoH with’th.' jidd('d Halt. 'J'his elTect i.s not very 
inaiked with potassium or .sodium ehloride or nitrate. 'J’he marked increase in 
the solubility with sodium and potas.sium sulphate.s is due to the formation of 
lithium sulphate, but with the ammoiiiuiu salts .soluble complexes like JdfNH.i),; 
and All A ()0 may be formed just as is the <-a.se. wdth magnesium carbonate in lii'“ 
pre.scm-c oi aminoninm salts. 

1 he soluhility of sodium carbonate in water at first decreases, and then increa.s' s 
by ilie propessive addition of so.lium i-hloride, an.l J. Kolb K' precipitated sodimn 
carbonate from its aq soln. Iiy the addition of .sodimn iddoride. Cl. J. B. Kar.stcn 
obtained an cnamel-like product by meltiiifr the two .salts together. Kepresentin'; 
the number of grams of the respective salts - NaCl and Na.,CO,.10Ha()-in l'"> 
grms. of water, the .solubility of sodium carbonate, at 15', K. Keich found : 

NaCJ ... 0 S-n2 

NaoCGy. JOKuO . (>1‘42 4ti 00 

The last pair of numbers represents soln. with lioth salts in the solid pha.se. 
K. Reich represents the solubility ,S of deeahydrated sodium carbonate in soln. 
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containing grams of sodium chloride in 100 grnis, of water bv the expression 
A^--61’40(L~-2 091077?/;+0055493 u?2 -4)0()0297357i^^ grms. of Na 2 CO;{. 10 H 2 O per 
KX) grins, of water. I’his expression has a minimum with soln. containing u?=23‘ir) 
grins, of NaCI per KX) grins, of water. T. M. Cliatard also studied mixed soln. of 
sodium cliloride and carbonate. .1. Kolb also made some observations on mixed 
soln. of sodium sulpjfufe and carbonate, and sodium hydroxide and carbonate. 
R. Wegsclieider and IL Walter measured the sp. gr. of mixed soln. of sodium 
liydroxide and carbonate, and found they followed closely the rule of mixtures 
for cone, not greater than 8A, at temp, between 10° and 80°. li. Kremann aiid 
A. Zitek studied tlie decrease in the solubility of sodium carbonate by additions 
of sodium viitmtevnai found for KX.) grms. of water at 24*1°, 45*90 grms. of sodium 
nitrate lowered the solubility of Na 2 COs. 101120 from 28’53 to 26*33 griiLs. ; at 
10°, 70*48 grins, of sodium nitrate lowered the solubility from 11*98 to 8*75 grms. ; 
and at 24*2°, in the presence of 45*90, 54*43, and 02*8 grms. of sodium nitrate 
respectively 20*33, 24*03, and 21*8 grms. of Na 2 C 03 . 7 H 20 dissolved, if a douVile 
salt is fornuid, th<* solubility of sodium carbonate is raised, not lowered- -for example, 
in 100 grms. of water at 10° Avith 35*41 grms. of potassium carbonate, the solubility 
of sodium car)>onate rose from 11*98 to 17*04 grms. ; and at 24*2°, with 15*00 and 
22*00 grms. of jiotassium carbonate, the solubility of soilium carbonate rose from 
28*53 to respectively 35*42 and 30*97 grms. 


According to G. GeUcken, 100 gnns. of acj. alcohol of sp. gr. 0 041 dissolve O'OiiO gJin. 
of lithium carbonate at 15*5'’, wliilo C. G. Gmclin says that this salt is insoluble in absolute^ 
alcohol. V. Kothmiind found tho solubility of lithium earbonalo in water is 0*1 (>87 mol 
per litre at 25"^, and if the solubih4y in 0*125A-, 0*25A^-, 0*5A-, and iV-soln. of tho following 
solvents be expressed in this order, then with the cone, expressed in mols. per litre at 25^, 
V, Rothmund found for mrthyl ah ohol, 0*1604, 0*1529, 0*1395,* i or eJhy I alcohol, 0*1614, 
0*1555, 0*1417, 0*1203 ; for prop, /I alcohol, 0*1604, 0*1524, 0*1380, 0*1097 for tertiary amyl 
alcohol, 0*1564, 0*1442, 0*1224, 0*0899; for acetone, 0*1600, 0*1515, 0*1360, 0*1104; for 
ether, 0*1580, 0*1476, 0*1300, - ; for formaldehyde, 0*1668, 0*1653, 0*1600, 0*1531 ; for glycol, 

0*1600, 0*l(i29, 0*1565, 0*1472; for qhjccrul, 0*1070, 0*1047, 0*1613, 0*1532; for numnite, 
0 1705, 0*1737, 0*1778, for grape 0*1728, 0*1762, 0*1778 ; for canc 8uga>\ 

0*1693, 0*1689, 0*1601, 0*1557; for area, 0*1080, 0*1673, 0*1643, 0*1605: for thiourea, 
1*1007, 0*1043, O lOOO, 0*1523; for dimethylpyrone, 0*1502, 0*1460, 0*1284, 0 0882; for 
ammonia, 01653, 0*1030, 0 1577, OMOO ; for dlcthylaminc, 1*1589, 0*1481, 0*1283, 0*0937 ; 
for pyridine, 0*1592, 0*1503, 0*1347, O lOOl ; for piperidine, 0*1684, 0*1488, 0*1320, 0*1009 ; 
for arcthenc, 0*J004, 0*1625, 0*1377, 0*1113, for acetamide, - 0*1614, 0*1520, 0*1358 ; for 

aci'loniirile, 0*1018, 0*1660, 0*1249, 0*1178 ; and for mercuric cyanide, 0*1097, 0*1704, — , — . 

Tho solubilities of sodium earhonate in soln, of ethyl and propyl alcohols have been 
studied by 0. 111. Iduebarger and by C. ll. Kotner. U’hc salt is j ust a little more soluble in 
propyl alcohol than it is in (‘thyl alcohol. With tho ternary system — ethyl alcohol — -water 
— sodium carbonate, C. H. Kotner found that two layers were formed with a critical temp, 
of 27*7'^ for a mixturo with 14 per cent, of alcohol, 73 per cent, of water, and 13 per cent, 
of soilium carbonate, NhoCO.,. Kxpressing cone, in grams of salt i)er 100 grms. of soln., 
0. 11. Kotner found the results iiidieatetl in Table XLIX. 


Tabue XLIX. 


Solid piiase. 

Na^COa.HjO . | 
Na.COj.THjO 

Ntt/'Oj.lOH,© 




.Mcoholic layer 

T«Mnp. 

CgHgOlI 

1 

35“ 

62*9 

! 0-3 

68“ 

55*8 

i 0-9 

31 0“ 

54*8 

! 0-7 

33-2“ 

58*1 

i 0-5 

28-2° 

23*5 

1 7-3 

30-6“ 

47*8 

j 1-2 


A<i. layer. 


HjiO 

I CgHjjOH 

1 Na,(;03 

IfiO 

36*8 

; 1*0 

1 

32 4 

00*6 

43*3 

1 2*3 

28*8 

68*9 

44*5 

1 1*7 

29*8 

08*6 

42*4 

1 14 

31*0 

07*5 

69*2 

7*9 ! 

18*6 i 

73*5 

51*0 

2*3 i 

1 1 

27*8 ( 

69*9 


t 


H. Oiraiid says that potassium carbonate is insoluble in absolute alcohol. C. E. Line- 
barger, E. Cuno, and C. A. L. de liruyn have measured the solubilities of potassium 
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carbonate in ethyl and propyl alcohols. The results with vihyl alcohol, water, ami 
slum carbonate are : 


CjIIrOH in solvent . 
KjCOj in soln. 


JO 20 30 40 

24 16 10 6-6 


50 60 69 poi* eoiU. 

2‘5 M 0-4 ,, „ 


With 40 nor cent, propyl alcohol, the percentage solubility of Kj,CO:j la 4*3 ; with ,)(» p( p 
cent, alcohol, 2 0; with 60 per cent, alcohol, 0*8 ; and with 65 per cent, alcohol, 0 5 . 
According to K. lUiiisen and O. JvirchhofI, 100 grms. of absolute alcohol dissolve 0*74 gi m. 
of rubidium cai*bonato at 19®; and 11*1 grins, of caesium carbonate at 19® or 20 I 
at the b.p., so that caesium carbonate is the most soluble of the alkali carbonates in Hub 
menstruum. According to H. Arotowsky, sodium lairbonato is insoluble in carbon ditmlph nh\ 
According to W. K. O. de Coninck, JOO grins, of a sat. soln. of glycol contain 3*28 to 31 
grms. of sodium carbonate; A. Vogel says JOO grms. of gh/ccrol of sp. gr. 1 *22o di.s.solvo 
7*4 grms. of potassium carbonate ; and A. Is^ohler, that 100 grms. of a sat. soln. contains 
64*73 grms. of sugar ^ 6*89 grms. of sodium carbonate, and 28*38 grms. of water; and 
56*0 grms. of sugar, 22*24 grms. of potassium carbonate, and 21*76 grms. of water. 


A number of tables have been (X)mj)iled showing the Specific gravity of arp suln., 
of sodium carbonate at different temp, by U. T. (Jerlac b,^’ J. Tiinnermann, H. Seliid, 
R. Wegseheider and H. Walter, F. Fou<[Uc, G. J. W. J:5remer, and O. Lunge ; and 
for very dil. soln. by F. Kohlrausch and W. Hallwachs. The results in 'rable L 
are by G. T. Gerlach at 15^ : 


TABliK L. 8P1 SCIFJO GRAVITIKS of Sm.OTJONS OF Soi:)IUM Oarbonatk ( 15 °). 





Per cent, of Nn 2 C()j,.n)T[aO 






0 

1 

2 3 

4 

5 i 

6 

i 7 

1 

1 ^ 

1 

0 

0 


1*0105 

1 i 

1-0210 ! t-03I5 

1-0420 

1-0525 i 

1*0631 

1 

1 1-0737 

! 1-0S48 

1 *0950 

J 

1-J057 

I ‘J J 65 j 

1 1*J274 , 1*1384 

1*1495 

1 I-05.S i 

1 -062 

I 1 ■(>(>(■> 

1 1 070 ' 

1*071 

2 

1*078 

1-082 

1*086 I J -090 

1*094 

1 -099 f 

1103 ‘ 

MOO 

1-1 10 

1-M4 

3 

l*iJ9 

1-123 1 

J-J26 1J30 

1-135 

iJ39 i 

1-143 i 

1-J47 

1-150 



G. T. Gerlacli and J. Tiinnermann have measured tlie sj). gr. of soln. of potassium 
carbonate. G. T. Gerlach obtained at 15 ' the re.siilts indie.atod in Table LI : 

Table LI. — Specific Gravities of Solutions of INitassit^m Carbonate ( 15 ®). 


Per coiit. of K 2^*03 


i 0 

j 

i 



4 ' 5 



7 

8 

9 

ol — 

1*00914 

1-01829 

■ 

] •0274.'} 

I -O.-IGOS i 1 04.572 

1-0.5513 

1 -064.54 

0-07396 

1-08337 

1 1 1*09278 

1*10258 

1*11238 

1 '12219 

I I.-JIOO ; 11417!) 

1*15200 

1*16222 

1-17243 

1*18265 

2^} 1*19286 

J -20344 

1*21402 

1 *22459 

1 -23.51 7 ; 1 -24.575 

1*25681 

1*26787 

l-278!i;} 

1 ‘28909 

3 1*30105 

1*31261 

1*32477 

1*33573 

1-.3472!)| 1-3.5885 

1*37082 

1*38279 

1-39476 

1*40673 

4 1*41870 

1*43104 

I *44338 

1 *44573 ! 

1 •408071 1-48041 

1*49314 

1*50588 

1-51861 

1*53135 

5 1*54408 

1*55728 

1 

1*57048 

i ' “ 

1 

! 

1 

t 

' - 


■ — 

! 

1 


The ap. gr. of a sat. soln. of lithium carbonate at 0“ is 1017 ; and at If)'", 10J4. 
The sp. gr. of a sat. soln. of sodium carbonate at 17'5° was given by H. Hager at 
1165 ; at 18°, by F. Kohlrausch, at 1172 ; at 23°, by H. Schilf, at 1-222 and, 
at 30°, by G. Lunge, at 1-342. For a sat. soln. of i)ota8siurn carbonate at 0°, R. Engel 
gives the sp. gr. 1-542. 

The volume v of aq. soln. with M mols. of NagCOg in 100 c.c. of water at d° np 
to 150“ is given by K. Zepernick and G. Tamniann as T;=l-05324-0-000773(d— llO) 
4-0 0000036(0—110)2 for M=2-G3; and v—l O5464-OOO7S)7(0— 110)4-0-0000023 
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(<?— 110)8 for l/=5-30. G. T. Gerlaoh (1859) has measured the expansion of soln. 
of sodium and potassium carbonates ; his results are shown in Table LII. 


Table LII. — Volumes of Solutions of Sodium and Potassium Cabbonates at 

Different Tempebatubes. 


Temp. 

Sodium carbonate. Per cent. Na20O3. 

Potassium carbonate. Per cent. 

5 

10 

15 

10 

30 

50 

0 

10000 

10000 

10000 

10000 

10000 

10000 

5 

10008 

10014 

10016 

10011 

10016 

10017 

10 

10018-6 

10029 

10032*6 

10026 

10032 

10036 

15 

10031 

10045 

10051 

10038 

10061 

10064 

20 

10046 

10062 

10070 

10063 

10070 

10073 

30 

10080 

lOiOl 

10112 

10088 

10111 

10111 

40 

1011.9 

10144 

10160 

10128 

10163 

10161 

50 

10] 65 

10192 

10210 

10173 

10198 

10190 

60 

10220 

10246 

10263 

10226 

10244 

10230 

70 

10278 

10304 

10318 

10282 

10291 

10270 

80 

10339 

10364 

i 10379 

10342 

10340 

10312 

100 

10464 

10488 

10499 

10465 

10437 

10394 

B.p. 

10460 

10494 

10510 

1 

10471 

10460 

10459 

reinp, at b.p. 

(100^-6) 

l 

101°J 

j 101^*18 

r 

100“ -8 

104°*5 

115“-2 


The viscosities of soln. of sodium and ])ota8sium carbonate have been measured 
by S. Arrhenius, O. Pulvermacher, W. W. J. Nicol,!*-^ and by A. Kanitz. The latter^s 
values at 25^ for iN-, and JA'-soln. are respectively 1*2847, 1*1367, and 1*0310 for 
sodium carbonate, and 1*1667, 1*0784, and 1*0192 for potassium carbonate. The 
compressibilities and surface tensions have been measured by W. C. Rontgen and 
J. Schneider, and the diffusion coefl. by J. Schuhmeister, and J. C. Graham. A soln, 
of 2*U mols. of sodium carbonate per litre at 10°, has a diffusion coefficient of 0*39 
sq. cm. per day ; and one with three mols. of potassium carbonate per litre, 0*60 
sq. cm, per day. 

The specific heat of soln. of sodium carbonate have been determined by 
J. C. G. do Marignao,!^ who found that the sp, ht. of soln. with two gram-eq. of 
Na 2 C 03 per 50, 100, and 200 gram-eq. of water, between 21^ and 26°, are respectively 
0*9037, 0*9406, and 0*9675 ; and between 21° and 52°, respectively 0‘9072, 0*9435, 
and 0*9695. .J. Thomsen found a 2*9 per cent. soln. at 18° had a sp. ht. of 0*958. 
J. C. G. de Marignac also found for soln. of two gram-eq. of K 2 CO 8 with 10, 50, 
KX), and 200 gram-eq. of water, between 21° and 52°, to be respectively 0*6248, 
0*8509, 0*9157, and 1*0943. 

The effect of sodium and potassium carbonates on the vapOOT pressure qf 
water has been measured by G. Tammann.^^ Soln. of 10*16, 21*86, and 34*76 
grins, of sodium carbonate, Na 2 C 03 , in 100 grins, of water lower the vap. press, 
of water, at 29*5 mm., respectively by 1*4, 2*6^ and 4*2 mm. ; and soln. with 24*44, 
85*9, and 136*3 grms. of potassium carbonate in 100 grnis. of water lower the vap. 
press, of water, at 18*1 mm., respectively by 1*3, 6*3, and 9*5 nim. According to 

W, Kuster and M. Griiters, the partial press, of carbon dioxide in the atm. is 
about 0‘(XX)4 atm., and this suffices to jiroduce a mere trace of hydrocarbonate 
in any exposed soln. of sodium carbonate. 

The hydrates of sodium carbonate and vapour furnish a system with two 
independent components, and, if one hydrate be present, the system is bivariant, 
and at a given temp., the hydrate can exist in equilibrium with water vapour at 
different press. ; if two hydrates be present the system is univariant, and it is 
stable only when the press, at a given temp, has one unique value so that if the 
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press, uliers one of the two hydrates becomes unstable. W. Mliller-Erzbacli found 
the vap. press, of deeahydrated sodium carbonate to be 11*7 mm, at 20'\ l>ui it 
not clear whetlier this refers to the passage from the deeahydrated carbonate to the 
heptaliydrated or to the monohydrated carbonate, but he adds that no dir^n^Mice 
was observed in the vap. [)ress. until the salt was all converted into the monoliydmtj d 
carl)onato, meaning that the deeahydrated carbonate passed directly to the jutmo* 
hydrated carbonate, or the difference in the equilibrium press, in passing fn)n] llie 
deeahydrated to the heptahydrated to the monohydrated carbonate is nut 
H. Lescoeiir found the vap. jiress. of the deeahydrated carbonate at 20'^ to bn 
121 mm. in harmony with W. M idler- Krzlundi's value. L. J. Andreao nieasur(‘d 
the difference in the vap. press, during the ])assage of the deeahydrated to the hepta 
hydrated carbonate and of the heptahydrated to the monohydrated carbonate ; at 
20 3^', and 30*5'^ the differences are respectively 0*79, 1*10, and 1*80 niiu. 
W. Miiller-Erzbach also gives for the range between the monohydrated and tho 
anhydrous carbonate at and 21^^, 0*14 and 0*20 mm. respectively. 'Iho vap. 
press, of sat. soln. at the transition points, where two hydrates exist as solid pliases 
side by side, were found by C. H. Ketner to l)e, at about for the do('a- and 
hepta-hydrated salts, and for the deca- and mono-hydrated salts, to be below b‘ I inm., 
and for the hepta- to the jnono-hydrated salt between 4*8 and 4*18 mm. Values 
wert3 also obtained by II. W. Foote and S. R. Scholes, and R. E. Wilson for the, 
vap. press, of tlie hydrate of potassium carbomite. 

The vap. press, of the three hydrated carbonate.s calculated from the heats 
of hydration of anhydrous sodium carbonate furnishes the following relation 
between the absolute temp. 7\ and the vap. press, of the soln. in equilibiiinn with 
the liydrati^s indicated by the subscript, when p denotes the vap. press, of water 
at and all the press, are represented in mm. of mercury : 


log 


?'"!() 7 


393*38 

T 


M*2()rvl ; log 
474*77 




P 

+ 1*1423 


447 (34 

T 


hl‘3G95 ; 


These ex])n 
Krzbach, II 


essions give vap). press, very dose to those t)bs(‘.rved Ijy W. Miiller- 
[. Lescajur, and (h JI. Ketner pueviously indicated. The calculated 

(lifltu'cnces ])etween pio-? 

are also dose to the values 
observed by J. L. Andreae. Simi- 
larly for the vaj). jness. pi-e 
the reaction : Na+0;jd+(l 

^NajjCJOjj+HoO, when th<‘ ob- 
served value at 20'^ is 0‘J8 niuL ; 
iog/q _o=^J<>K;^-“* 736 
The results obtained l)y these four 
formuhxi arc jdotted in Fig. d*. 
The space below the line 
represents the sphere of existom o 
of anhydrous sodium carbonat*' ; 
the space BACIJ^ of the nioM(»- 
hydrated carbonate ; the sp.o »* 
DCI, of the heptahydrated e.o- 
bonate : the space DUE, l b*' 

r .. , . 4 . 4 . -^1 XI 1 . decaliydrated carbonate; 

of the soln. m contact ^v.tli tlic liydrat..,.s indicated in the diagram. FO is t.i." 



Fia. 70.- 


-Vap. Press, of tho Various Hydrates of 
Sodium Carbonate. 


diagram. 

JL J, . .>..r I Uia» - - - — ‘ 

hepta-hydrated salt ; and /, tha,t of the hepta- mono-uyora 

hues represent equilibrium press, of the mixtures there indicated, 


yap. i.resy curve of watey II denotes the tran.sition points of the deca- to C ' 

c hepta- to the mono-hydi*ated salt. "H’’' 


H. Lesco 


I5»' 
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found the vap. press, of a sat. soln. of potassium carbonate to be 6*9 mm. 
at 20^ 

G. T. Gerlach measured the boiling points of aip soln. of potassium and sodium 
carbonates. The b.p. of soln. with 5'2, 10*4, and 51*2 grins, of Na2C03 in 100 grms. 
of water are respectively 100*5'^, 101°, and 105° ; and with 22*5, 40, and 202 grms. 
of K2CO3 in 100 grins, of water, the b.p. are respectively 102°, 104°, and 133*5°. 
According to T. Griffiths, a sat. soln. of sodium carbonate boils at 104*5°; 
G. J. JMulder gives 105° ; P. Kremers, 106° ; and J. Legrand, 104*6° ; the two latter 
also give the b.p. of a sat. soln. of potassium carbonate as 135°. The freezing 
points of soln. of sodium carbonate have been measured by U. 0. Jones, B. M. Jones, 
and E. H. Loomis. The mol. depressions of the f.p. for soln. with 0*1061 and 2*122 
grms. of sodium carbonate in 100 c.c. of soln. falls from 51° to 4*17°. The hydrolysis 
of the soln. stultifies the calculation of the degree of ionization of the soln. from 
observations on the lowering of the f.p. Similar results wore obtained with soln. 
containing 01383 and 2 766 grins, of K2CO3 in KX) c.c. of soln. for the mol. depression 
fell from 5*1° to 4*39°. The lowering of the f.p. of 100 grms. of water with a gram 
of potassium carbonate was found by E. Riidorfl to beO‘317° ; and by F. M. Raoult, 
0*303' ; for sodium carbonate F. M. Raoult similarly obtained 0*38°. C. M. Despretz 
emphasized the. influence of concj. in lowering the f.p., and L. C. de Coppet examined 
the influence of hydrate formation on tlie f.p. He found that the lowering of the 
f.]). of aq. soln. of sodium carbonate is not proportional to the quantity of salt in 
soln., for witli in(*rcasing couc. the lowering of the f.p. becomes less and less — thus, 
it A bo the observed lovvering of the f.p. with iv grams of salt, the ratio A/w; is 
0*400 wlion w was between 1 and 3, but 0*350 when ic— 8. With potassium car^ 
bonatc the lowering of the f.p. becomes greater and greater the more cone, the 
soln. A/m;— :0*3()0 when and 0*527 when w=C)0, 

The index of refraction of dil. soln. of lithium carbonate was found by 
E. Houiuer to be and the mol. index J/— 42*7 ; likewise for dil. soln. 

of sodium carbonate, /x~=U*377, and the mol. refraction Jf/x— 40*0 ; and for potas- 
sium carbonate, /x~”()‘207, and The mol. refraction for the D-line was 

found by J. Jl. Gladstone and W. Hibbert to change from 22*56 to 22*72 when 
the cone, of the soln. changed from 2*25 to 0*095 per cent. Na2C03. 

V. Burckhard and T^ A. Favre and C. A. Valson found molten sodium carbonate 
to be a good coiuluctor of electricity ; there is an evolution of carbon dioxide at 
the anode, and sodium oxide with some carbon is deposited at the cathode. The 
electrical conductivity of soln. of lithium carbonate at 18° have been jiieasured 
by F. Kohlrausch, and G. Vicentini.i® Soln. containing 0*20 and 0*63 grm. of 
lithium carbonate in 100 grms, of soln. were found to have respectively the sp. gr. 
1*0(X)6 and l‘(X)50; the sp. conductivities 34*3x10“'^ and 88*5x10""^; the eq. 
conductivities A— 63*5 and A~51*9 ; and the temp. coelT. are 0 0249 and 0*0259 
at the mean tejnp. 22°. The calculated value of A^— 106. Consequently, the 

estimated degree of ionization of a —W-soIu. is 60 [)er cent., but the results are 

obscured by hydrolysis. F. Kohlrausch and E. Griineisen found for the eq. con- 
ductivities A, of sodium and j)otassium carbonates in soln. with N gram-e(p per 
litre : 

iV . . . ]0 I 0*5 01 005 001 0005 0001 

ANTagCO, . . ~ 27-1 45-5 54*5 72*9 80*3 96-2 102*5 112*0 

ANjjCOa • • 18*1 55*0 70*7 77*8 94*1 100*7 115*5 120*6 133*0 

The temp, coeft*. of the eq. (iondxictivity of sodium carbonate soln. fur the mean 
temp, 22° is 0*0265 ; and for potassium carbonate, 0*0249. H. C. Jones and 
A. P. Wcvst, and C. Deguisiie have al.so studied the temp, coelf. of the conductivity 
of these salts. M. H. van Laar studied the formation of sodium hydroxide by the 
electrolysis of soln. of sodium carbonate with and without the addition of an oxy-salt, 
W. Bien ealculates the transport number for the anion in 0*05 iV-soln. at 23° to be 
0*590, but as in the case of lithium carbonate hydrolysis interferes with the 
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accuracy of the result. J. Kuscliel's value is 0*48. Potassium carbonate was fouuvi 
by G. Meslon to be diamagnetic. A. Hcydw^eiller found for the dielectric Constant 
respectively of powdered and compact anhydrous sodium carbonate, 2*1)7 ana 
8*44 ; 3*37 and 5*33 for decahydrated sodium carbonate ; and 2’61 and 6*G1 for 
monohydrated potassium carbonate ; C. B. Thwing found 5*62 for potassium 
carbonate. 

Aq. 8oln. of lithium and sodium carbonates are hydrolyzed and react alkaline 
owing to the formation of the alkali hydroxides : Na2C03+2H20 =2NaOH-l-H2COf^. 

C. Fliickiger noted in the case of the lithium salt, and H. Rose in the case of 
the sodinm salt, that boiling soln. give off carbon dioxide. F. W. Kiister and 
M. Griiters showed that some carbon dioxide is lost when soln. of sodium carbonate 
are boiled in silver vessels fitted with a silver reflux condenser ; as a result, sodium 
hydroxide is formed. B'or example ; 

Time of boiling . . 1*25 3*5 6*0 8*5 23*25 38*0 hrs. 

NaXOa undocomposed . 96*7 94*6 92*7 91*4 97*0 83*8 per cent. 

NaOH formed . . 3*3 5*4 7*3 8*6 13*0 17*2 „ 

This agrees with A. E. Leighton’s statement that when sotiium carbonate is present 
in water used in steam boilers, the boiled water contains sodium hydroxide. 
J. Shields and K. Kolicheu have measured the degree of hydrolysis of aq. soln. of 
sodium carbonate ; the former from measurements on the rate of hydrolysis of 
etlivl acetate, the latter from the decomposition of diacetone-alcohol, 
CH3.CT).CH2.C(CTl3)20II^2CH3.C0.CH3, The percentage hydrolysis of soln. of 
sodium carbonate of different cone, by the two methods arc of the same order of 
magnitude : 

Cram mol. Na^COs . 0 942 0*19 (VOUl 0*0477 0 0238 

Tor cent, hydrolysis 0*53 2*12 3*17 4*87 7 10 

The first pair of numbers arc by K. Kolichen, the otJiers arc l.>y J. Shields. I’htJ 
rt^sults show that the degree of hydrolysis is greater, the more dil. the soln. 1 ho 
degree of hydrolysis also increases wdth temp. 

The hydrolysis is represented by the equation : Na2C03+H20^NaH(.H)3 

+NaOU; followed by NaHCU3d-H2O-=H2CO3+Na0H ; and by 
+1I.>0. The same re.sult is rejiresonted in the language of the ionic hypothesis : 
C0"3+H20^IIC0'3+0H' ; followed by HCO'a+HoO -HgCOa+Oir ; and by 
H2C03 ;f^C 02+H20 as before. All these balanced reactions are in equilibrium 
with one anotlier an<l the soln. contains free sodium hydroxide and free carbon 
dioxide, and the latter, in turn, should be balanced against the carbon dioxide 
m the atm., or else carbon dioxide wdll be absorbed or evolved from the soln. according 
as the ])aitial press, of the gas in soln. is greater or less than its partial press, in the 
atm. Soln. of sodium carbonate are known to absorb carbon dioxide from the air, 
showing that the partial press, of the carbon dioxide in the atm. is greater than 
the dissociation press, of the carbon <lioxide in the soln., and this is particularly 
the case wdien soln. of sodium carbonate are boiled in open vessels exposed to flame 
gases rich in carljon dioxide. This is confirmed by F. W. Kiister and M. Griiters, 
who found that the partial jiress. of the carbon dioxide from a normal soln. of 
sodium carbonate is 0'(XXX)72 atm., while the partial press, of carbon dioxide in 
atm. air is 0 (X)03 atm. ; consequently, under these conditions, the soln. must 
absorb, not give off, gas. Consecpiently, the solubility will depend on the pro- 
portion of carbon dioxide in the sui*rounding atm. 

Lithium carbonate is likewise partially hydrolyzed in soln. : Li2C03.^^Li* 
+ CO"2; CO"3+H20^H(J(r3+HO' ; HC0'3+Il20^H2C03+0H' ; and HgCO^ 
^Il20-hC02. OAving to the low solubility of lithium carbonate, its soln. arc 
necessarily dil., with a pro]>ortionally high degree of hydrolysis — about 5 per cent, 
of lithium carbonate in a sat. soln. is hydrolyzed. This* means that for every 
hundred Li'-ions there will be about ninety-five CO^a-ions and five each of HCO';r 
ions and OH'-ious. J. Bevad found that the solubility of lithium carbonate 
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increased with the duration of the boiling — thus ICK) grms. of water dissolved 
0’80 grni. of the carbonate with 15 minutes’ boiling, 0*96 grm. with 30 minutes’ 
boiling. This is explained by assuming that carbon dioxide escapes from the 
soln. during the ebullition, and to restore the balance, more CO^'a-ions and HCO^*j- 
ions are hydrolyzed, as a result more lithium carbonate is dissolved to keep the 
proportion of the CO"3-ionB to that required by the solubility product. The addition 
of carbonic acid to the soln. decreases the proportion ot CO'Vions, C0''3+H2C03 
=21100^3 (or Li2C03+H2C03— 2LiHC03), This means that more lithiilm carbonate 
will pass into soln. to restore the solubility product to its equilibrium value.! This 
explains the ready solubility of lithium carbonate in carbonated water and how 
lithium carbonate is reprecipitated if such a soln. is boiled because tjie' carbon 
dioxide is driven from the system. Potassium carbonate, like sodium carbonate, 
is strongly hydrolyzed in aq. soln., and the conditions of equilibrium of the two 
salts appear to be analogous. Similar remarks apply to aq. soln. of rubidium and 
cu'sium carbonates. These salts all form strongly alkaline liquids when dissolved 
in water. 

Dry carbon dioxide has no appreciable action on dry anhydrous sodium 
carbonate, but if the solid or gas be moist, or if one of the hydrated forms of sodium 
carbonate be enqiJoyed, K. Schindler found that carbon dioxide is rapidly absorbed, 
and H. C. Kreuzberg noted tiiat much heat is evolved, sufficient in some cases to 
fuse the product. Sodium hydrocarboiiate, NaHC03, is the juoduct of the reaction. 
According to P. Mohr and P. de JVIondesir, when a little hydrocarbonate is formed, 
it acts as a catal^^tic agent on the subsequent progress of the reaction. On the 
other hand, sodium hydrocarbonate readily decomposes with the evolution of 
carbon dioxide ; according to K. Kissling, dry sodium hydrocarbonate begins to 
decompose at about 70°, and 0. S, Dyer found that the decomposition is rapid at 
120°; slow at 100°; and if dry, there is scarcely any decomposition below 60®. 
C. S. Dyer cxj)resses the ojiinioii that W. B. Cowio’s statement that the hydrocar- 
bonate decomposes between 52*6° and 54*6® is based on experiments with the 
imperfectly dried salt. R. Schindler has shown that dry crystallized hydro- 
carbonate remains unchanged in dry air, but in moist air, carbon dioxide is liberated, 
and moisture absorbed. H. Lescoeur could detect no change by keeping the dry 
hydrocarbonate a month over caustic baryta. A. Gautier also found that moist 
hydrocarbonate readily decomposes, but the dry salt did not lose 0*013 i)er cent, 
in weight when kept 30 lirs. under a press, of 15 mm. at 20® ; there was a loss of 
20 i)er cent, when kept for 4 hrs. at 100® ; and the salt completely decomposed 
when kept 18 hrs. between 100® and 115®. A. Gautier also found that an appreciable 
amount of sodium hydrocarbonate is decomposed in vacuo between 25® and 30®, 
but no decomposition could be detected after remaining 10 hrs. between 22® and 
25®. V. Urbain found the dissociation press, of sodium hydrocarbonate at KX)® 
to be approximately 220 mm., and H. Lescoeur adds that the vap. press, of decom- 
posing sodium hydrocarbonate : 2NaHC03— Na2C03+H30+(K)2, remains constant 
from beginning to end, and there is no sign of the formation of an intermediate 
product between NaoCO,^ and NaHCOa. Similar remarks were made with respect 
to potassium hydrocarbonate, and H. Lescoeur could find no evidence of the 
transition point with the sodium salt at 90*8® reported by D. W. Horn. A selection 
of the dissociation press, of sodium hydrocarbonate at different temp, observed by 


M. Caven and 11. J. S. 

Sand 

were : 






30® 

so** 

70® 

90® 

100° 

110® 

Total press. 

. 9-6 

40*9 

1001 

481*8 

826*2 

1380 mm. 

Press, of HjO 

. 8-4 

34*4 

119-9 

364*0 

605*4 

981*8 mm. 

l*ress. of CO 2 

. 1*2 

6*5 

30*2 

117-8 

220*8 

399*0 mm. 


R. M. Caven and H. J. 8. Sand’s results are higher than those obtained by 
H. Lescojur, and it is suggested that the latter’s measurements were made on 
systems which are not in a state of true equilibrium. R. M. Caven and 
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H. J. S. Sand represent the observed vap. press, p at T' K., by log p 1 j > 

- 3340/r mm.; they also found the dissociation j)ress. of potassium h}clton,.j^ 
carbonate to be 4’! nun. at 63*7^; 56*6 mm. at 104*6'^; 503*1 mm. at II, s ^ 
and 733*0 mm. at 156°; and they represent their observations J)y 1.,^, 
^10*832-~3420/r mm. H. Lescoeur found tlie vap. ])rcss. of this salt at- loo 
remains constant during tlie decomposition. Similarly, the dissociation hi<^s. 
p of rubidium hydrooarbonato at T'k is log 7>™12*7 12 --4300/7 mm. ; aii<l (,j 
caesium carbonate, log - 16*930 — 6300/7 mm. The observations with th<‘ tiai* 
hydrocarbonates are summarized in Fig. 71. The constancy of the va]). pivs^^. 
of sodium hvdrocarbonate noted by 11. Lesetjour does not necessarilv f>rovc that 
no trona, ]N;a2C03.NaHC();^.2JL>0, is formed, r)NaHC03-Na/T);vNall(;(>3.L>Ih() 
+N<i2C03'l 2C02> because, according to the phase rule, a system with four phaM s 
and three components is tervariant, so that all coml)inations between NalH^O^and 
trona, Na2C03.NaH(^03.2ll20, must exercise the same ])rcss. Trona ivS Htahh*. at 
ordinary temp., and at 100° it gives an approximate.ly ('onstant press, of '196 nim. 
until the greater part of the water, and but lit tle carbon dioxide, is lost ; the press, 
then drops to 182 mm., where it remains until all is conv'-tM’ted into anhydrous 
sodium car})onate. The dissociation ])re.ss. of the alkali hydrocarbonat<\s sliow 
that their stabilities towards heat increase with rise of at. wt. of the metal, hut the 

change in passing from potassium to the sodium 
salt is jnarkedly dilTerent from that between 
any other two elements. Sonu^ jiartially 
decomposed hydroca.rbonate gave, a press. »>t 
800 mm. ; tins tlieii fell to aj)proxiinat(‘ly 1S9 
jnni,, and later on to the same value as trou.i. 
M. Soury heated a mixture of 27*51 grm^. of 
sodium hydroi-arbonate ti) 100 ', aTid measured 
the press, after the removal of carbon dioxide, 
in successive ])ortions. The total volinne of 
carbon dioxidij obtainable from the abovi* 
mixture is 3060 c.c. The tension of the car- 
bonic acid decreaK(?s as fast as the (’arbon 
dioxide is progressivudy rejucjved, but there n,it‘ 
two ]>eriods of ootistant jn’ess. : (1) from the 
removal of 260 to 1760 c.c. of the dioxidt^ ; (*J) 
from 2560 to 3210 c.c. In the first case, the 
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tAw Solid ])hascs are tlie hydrocarbonate and a lower carbonate of t1\o comjmsitii'i! 
dNaoO.K.Mly.oHwG ; at the second picriod of <*oiista.nt puess. the solid phases an' in 
all proliabilitv tlie salt Just mentic)ned and tlie normal carbonate, Na^O.C^Oo.ILG. 

H. Ruse similarly showetl that the dry crystals of potassium hvdrocarbonate 
aic iaiily stable in nw. and lose only 0 05 pun* cent. wJieJi ko[>t 24 hrs. in vacuo over 
suljihuric ajdd. and 0*47 per e.ent. in air conlined over potassium hydroxide, 
m 1 Lsam also found that native potassium hvdrocarbonate, kalcinite, are net 
changed by ex])osurc to air. ]4. (lernez found very little potassium hv<lrocarl)omH<* 
IS decomposed ]n a closed vessel at 10^ but in a stream of inert gas -^iir, hydrogen, 
or nitrogen ctarboii dioxide is slowly removed, and normal potassium carbonun*. 
IS fonnei . When lieated to J90° or 2(X)°, M. dacciucdain savs the crystals uo^ 
completely decompose^^ 2KPIC03^K2CUH-C02 1 1L(). A. ^Gautier says tli.d 
dry potassium hy’-drocarlionato does not decompose in vacaio at 22°-25°, but d^ ' 
appreciably decompose at 25°-3fr. H. C. Dihbits says that the potassium s.!t 
decomposes more rapidly^ than the sodium salt because the normal carbonate t. 
deliquescent and forms a soJn. with the undecomposed hydrocarbonate whi- ii 
readily decomposes. A. Gautier says that initassium liydrocarbonate decompo-^ ' 
niore slowly than the sodiuni salt at 1CKJ°, and M, Ballo inade a similar observati. 
at 98 . and he noted that at 98^' the loss per hour was 0*29 per cent,, and at Id ' « 
8 43 pier cent. It is sometimes argued that the formation of normal sodium carbon d o 
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the cahiination of solid sodium hydrogen carbonate proceeds at too low a temp, 
to make it probable that the sodium atom of one mol. displaces the hydrogen atom 
of another mol. It is considered that the reaction must be intra- not inter-m.o\. 
Hence, the mol. is represented (NaHOOa)^, or as a double salt of sodium carbonate 
and carbonic acid, NuoCOs.IIoL’Os. 

Although dry sodium hydrocarbonate requires but a moderate heat for its 
decomposition, it is fairly stable at ordinary temp. ; aq. soln. are less stable than 
the dry salt. J. W. Dobereiner noticed that when a soln. of sodium hydrocarbonate 
is eva])orated rapidly in vacuo about one-fourth of the carbon dioxide is lost. 
R. Schindler said that a soln. of the salt in 14 times its weight of water, is not changed 
in air ; but if a small jjroportion of water be present, the hydrocarbonate loses 
carbon dioxidis in air, even below 0°, and this the more rapidly tlie higher the 
temp., until nothing but the normal carbonate remains. H. Rose found that a 
soln. of sodixim liydrocarbonate h)ses carbon dioxide wlnm evaj)oratcd at ordinary 
temp, over cone. "8uli>huric mud and potassium hydroxide. If the residue be dis- 
solved in water a)id again evaporated a residue of the normal carbonate almost 
free from the hydrocarbonatc is obtained. H. Rose also noted that by boiling 
the aq. soln. half the contained carbt)n dioxide can be driven off so that the normal 
carbonate remains. H. Rose further found that aq. soln. of ])otassium hydro- 
(iarbonatc behave .similarly, but decompose even more rapidly than soln. of sodium 
liydrocarbonate. R. Runsen and tr. Kirchhoff also noted that soln. of rubidium 
and cfesium hydrocarbonates readily lose carbon dioxide when boiled. C. G. Gmeliu 
and (J. F. Raniuielsberg observed likewise that soln. of lithium liydrocarbonate 
give the normal carbonate when allowed to stand in air or when evaporated to 
dryness. G. Magnus removed carbon dioxide from a soln. of sodium liydrocarbonate, 
at ordinary tern])., by a stream of hydrogen ; and R. F. Mart-hand obtained a similar 
result at O'’ b\’ a stream of I fiXlO® c.c. air. At 38° R. F. Marchand converted 
Wy jicr cent, of the liydrocarbonate into the normal carbonate by aspirating 2 x 10® 
c.c. of air through the soln., ami concluded that all would have been transformed 
had the action been sufficiently iirolonged. H. C. Dibbits made some experiments 
on the equilibrium press, of sodium and potassium hydrocarbonates in sat. aq. 
soln. He found 

15 ° 30“ 40 ° r.o° 

Pros.s., NaHt-'O:, - . J20 212 3.5*i r>fi3 mm. 

8oln. of the alkali hydrocarbonates have a feebly alkaline reaction. F. W. Kiistcr, 
and F. P. I’readwell and M. Reuter showed that the soln. of sodium liydrocarbonate 
at ordinary temp, colours phenol phthalein red, but, in consecpiencc of the reversal 
of the hydrolysis, the coloration disappears when the temp, approaches 0°. 
Potassium liydrocarbonate Is almost neutral towards phenol phthalein but at great 
dilutions, the soln. have an alkaline reaction ; KHCOy-j-HaG — KOH-f-IIoO-j-dOo, 
The partial jiress. of the carbon dioxide is therefore greater in dil. than in cone, 
soln.. and in hot than in cold soln. F. P. Treadwell and M. Reuter also made some 
determination of the composition of a sodium liydrocarbonate when 

the partial press, varied from 2 to I per cent, of an atm. H. C. Jiibbits pointed 
out the errors which have arisen in measiu-ing the soluliility of sodium hydro- 
carbonate owing to the lack of precautions to prevent the los.s of carbon dioxide, 
and consequent formation of the normal carbonate, so that the results represented 
not the solubility of the hydrocarbonatc, but rather a mixture of this salt with an 
indefinite proportion of the normal carbonate. G. Lunge, 1. Rosenthal and 
F. K. ('ameron have emjihasiscd the loss of carbon dioxide by soln. of sodium 
hydrocarbonato in connection with analysis of carbonates, hyilrocarbonates, and 
gases containing carbon dioxide. 

A soln. of sodium carbonate, NaoCOa, absorbs carbon dioxide from the atm., 
forming some hydrocarhonate, NaHPGa. and F. K. Cameron and L. .7. Briggs 
studied the formation of sodium liydrocarbonate in soln. of the normal carbonate 
and found equilibrium was attaineil in about a week's time. The higher the temp. 
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and the more cone, the soln,, the less the percentage conversion ; at 100^, vcr\ i n i^ 
hydrocarbonate is formed. H. M. McCoy also investigated the conversion nf 
carbonate to hvdrocarbonate by ait containing different proportions of mi'hon 
dioxide, in soln. at 25^ barometer 712 mm. Fig. 72 shows H. M. McCoy’s equilil.i jum 
curves for sodium carbonate and hydrocarbonate in soln. of different cone,, ami in 
atm, containing different amounts of carbon dioxide. The partial press, of tin 
carbon dioxide in atm. is indicated in the respective curves. From these it siilts 
it follows that at 25^ in air in which the carbon dioxide has normally a partial 
of 0*00028 atm. a considerable proportion of hydrocarbonate is ])resent wlien u 
soln. of sodium carbonate has assumed a state of equilibrium. It also follows 
that a soln. of the hydrocarbonate is unstable in atnx. air, for a normal liydro* 
carbonate soln. loses carbon dioxide until but 12 per cent, of the sodium is presf*Tii, 
in equilibrium as hydrocarbonate. With higher partial press, of carbon dioxide^ a 
larger ]»roportion of hydrocarbonate remains undecomposed. Raising the temp, 
lessens the proportion of hydrocarbonato which can exist in soln. in equilibrium 
with air. G. Bod lander and B. Breull have shown that the soln. is stable if an 
excess of carbon dioxide be present. Only 0*04 per cent, of the salt is decoiU})<)sed 
if the soln. be sat. with carbon dioxide — ^the solubility of sodium hydrocarhonaie 
is much influenced by the amount decomposed, and satisfactory data c.an be obtained 

only when the press, of the carbon dioxide Is 
constant. V. IJrbain found that the dissociation 
of sodium hydrocarbonato is retarded when tlie 
soln. contains suga.r or gum. The addition of 
sodium hydro phosphate helps to control the 
neutrality of soln. for medicinal purposes. 

Representing cone., by the symbols of the 
compounds in brackets, L. T. Henderson and 
O, F. Black have showui that in mixed soln. of 
the two salts. A‘3[NaH2B04]/[NaoHP()4J 
c-A*.2lH2COs]/LNaHC(\l, where /q=2*r)fl07' 
and The loss of carbon dioxide 

by soln. of the liydrucarbonate is conditioned by 
(i) the weakness of carbonic acid, H^^CO:}, as an 
acid ; (ii) the acid character of sodium hydro- 
carbonate ; (iii) the ready dissociation of carbonic 
acid ; and (iv) the low solubility of carbon dioxide 
in water so that tlie carbonic mud existing in soln. necessitates a certain gaseous 
press, of carbon dioxide ; and the ratio of the two represents the solubility 
of the gas. In a system containing a dil. soln. of sodium hydrocarl)onate 
and vapour, the cone, of the carbon dioxide in the vapour is a measure of 
the carbon dioxide in the soln., but the cone, of the carbon dioxide in the 
vapour is not a measure of the degree of hydrolysis: NaHC034-H20^Na0ir 
-|“H2G03, because equilibrium is much more complex than this. Poi 
instance, sodium hydrocarbonato acts as an acid on the sodium hydroxide : 
NaHC03+J^a0H^Nao(X>3 [-11420. If Oj rej)resents the coiio. of the sodin'*' 
hydrocarbonato ; V^, of normal sodium carbonate ; C3, of sodium hydroxnl*' ; 
and Ci, of carbonic acid, the condition of cfjuilibrium in the reaction Naib'O.j 
4"H20r=^NaOH-l-H2CU3, as C3C4— iTjOj, where Kf is t]ie dissociation constanl nr 
the constant of proportion; similarly for NallCOg-f NaOH^HaO+Na.l'* >; 
CiCs^KjiCz- % combiniun these two results, it follows that Cx^jCzCi—K.zjKx 
the equilibrium constant of the system, (f. Bodlandcr obtained an analot;"''''’ 
expression for dil. soln. on the ionic liypothesis. 'I’lie cone, of the carbon dioxi'Sc 
in soln. if equal to the product of the partial jiress. p of the carbon dioxide in tl'*' 
atm. and the solubility constant k, so that L\ -^kp. Again, if one mol. of sodinm 
hydrocarbonate be dissolved in v litres of water, and when’equilibrium is attain-. 1 
X mole, of hydrocarbonate remain unchanged, so that C^^x/v ; and l~x mols. -1 



Fig. 72. — ^Equilibrium Curvt's ; 
NaHOOj 4 H,0 ^ NaOH 
+ HXO3. 
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hydrocarbonato are converted into i(l— a?) mols. of normal carbonate, so that 
If, therefore, C denotes the cone, of the sodium in gram-atoms per 
litre, C^l/v, and Ci^^KC 2 C^, or 2a;^C==ifcp{l— A litre of water at 
dissolves 0*8256 litre or 0*0338 mols. of carbon dioxide at 25° and 760 mm., so that 
i==0*0338. For dil. soln., H. N. McCoy found that k is very nearly dkX) — ^for 
example, with a soln. 0 0999iV with respect to the sodium, when ac=:0*682, and 
p, 0 00161, h 5320. 

J. Walker and W. Cormack found the ionization constant of carbonic acid 
fH][HC03'j— ^2[H2C03] to be . J. Kendall’s value for k 2 at 0° 

is 2*24xio~7; at 18°, 312x10-7; and at 25°, 3*5x10-7. The value of the 
second ionization constant, [H ][C03"]=i^[HC03'], is not so clear. H. N. McCoy 
determined the ratio A;2/^=[HC03']2/[C03''][H2C03], and J. Shields deternodned 
the ratio A«,//c3=[HC03'][0H]/[C03"l from experiments on the hydrolysis of ethyl 
acetate ; F. Auerbach and H. Pick used a colorimetric process for the ratio 
where k^ is the ionization constant for water. At 25°, H. N. McCoy gives 
A:t<,===l‘2xl0~“^^; F. Auerbach and H. Pick, 105x10-^^; C. W. Kanolt, 
0*82 Xl0~^^; F. C. Frary and A. H. Nietz, 1*76 xlO-^^; and J. eJohnston, and 

G. N. Lewis and M. Randell, 0*8x10-^^. C. A. Seyler and P. V. Lloyd found 

ig=4*27 Xl0“ii at 25°, so that the ratio k^jk^^lVl^, and 19*2x10-^. 

The numerical values of two ratios Ltjk^ and increase on dilution,, but not in 
the same proportion. C. A. Seyler and P. V. Lloyd showed that the apparent 
variations in the second ionization constant are due to the ionization of sodium 
hydrocarbonate (a) and of normal sodium carbonate (j8). If kc be the value of the 
ratio [NaHC03]/[Na2C03l[H2C03], and /c^that of the ratio [NaHC03][0Hl/[Na2C03l, 
and if the ionization of the hydrocarbonate and carbonate be respectively a and jS, 
k^jk^^kca^!^ ; and so that kc and k^ do not increase proportionally. 

J. Stieglitz assumed the ionization constant a of the hydrocarbonato to be the 
same as that of sodium acetate, at the same mol. cone., and this was confirmed by 
C. A. Seyler and P. L. Lloyd either alone or in the presence of chloride or carbonate. 
J. Stieglitz assumed that the ionization constant jS of sodium carbonate is nearly 
the same as that of the sulphate, so that j8-~0*687 for a cone. 100x10- and 
j8=^0'584 for a cone. 3(X)XlO-^. W. D. Harkins estimates j8=0*598 for a cone. 
100X10-3, and j3=0*420 for a cone. 1000x10-3. Auerbach and H. Pick 
assume j8— 0*60 for a cone. 95x10-3. (;. A. Seyler and P. V. Lloyd estimate that 

the value of j8, the ionization of sodium carbonate (in respect of the COs-ion) between 
eq. cone. 1000x10-3 and 100x10-3 (and probably at higher dilutions) may be 
approximately represented by the empirical formula j3^1 104 — 0*320 log C, where 
G is the sodium cone, in milligraiii-eq. per litre. In the presence of sodium chloride, 
the apparent value of jS is greater than for pure bicarbonate and carbonate soln. 
at the same sodium cone. If r is the ratio of sodium as chloride to sodium as bicar- 
bonate and carbonate, then ^8^==- (1*104 '--0*320 log C) 1 1 —0*1512 log {r +!)}/{ 1 —0*3096 
log (r-j- l)}- These values are less than those estimated for the conductivity of 
sodium sulphate. C. A. Seyler and P. V. Lloyd found that sodium carbonate 
ionizes in two stages. In the fij’st stage, Na2C08^Na*+NaC03', where the ioniza- 
tion constant is i‘fl=[Na][NaC03]/[Na2C03]. In the second stage, NaOO;/??^Na’ 
'htJ03", in which the ionization constant /tj,--[Na][C03]/[NaC03] is smaller and 
more constant than the first. The numerical values of these constants for soln. 
with the cone. f7:r==50, 200, and 500 milli-eq. of Na per litre, are ^^=0*1060, 0*2590, 
and 0*3760 respectively when A;&=0*0870, 0*1240, and 0*1190. 

II. Moissan found that sodium carbonate is attacked by fluorine in the cold. 

H. Quantin showed that when sodium carbonate and carbon tetracllloride are heated 
together, sodium chloride, carbon dioxide, and carbonyl chloride are produced. 
M. J. Fordos and A. Gelis obtained a mixture of sodium sulphide and thiosulphate 
by heating an intimate mixture of the sodium carbonate and sulphur to 275°: 
while II. E. Schone says that if the mixture is fused, a mixture of sodium trisulphide 
and sulphate is formed. »J. JB. Senderens found that sulphur acts slowly on a soln. 
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of potassium carbonate at ordinary temp., but rapidly if boiled, forming the thio- 
sulphate and a polysulphide ; if the reaction is ailowed to proceed in a sealed iuhv 
there is but little change because of the counter-reaction. According to J. Sauer 
sclinig, hydrogen sulphide partially displaces the carbon dioxide from soln. of 
potassium carbonate, forming a mixture of potassium hydrocarbonato and hjulro- 
sulphide. M. Berthelot obtained a mixture of potassium sulphide and sul[)}uito 
by passing sulphur dioxide over potassium carbonate heated to redness. A. Tgrreil 
says antimony sulphide has no action on a soln. of potassium carbonate, hut 
with sodium carbonate, the mineral kermes is produced. In the dry way, 
potassium produces more mineral kermes than the sodium salt. The alkali 
carbonates are all decomposed by acids with the liberation of carbon dioxide ; 
and when fused with siliCE, titanic oxide, or zirconia, carbon dioxides is 
likewise liberated. With boric acid a metaborate is formed ; wdth alumina, 
an aluminate ; and, according to F. (I, 8chaffgotsch, ferric oxide ; and, according 
to A. Stronieyer, ferrous oxide, drive out the carbon dioxide from fused sodium 
carbonate, and form a green mass of alkali ferrite. E. Kopp found tliat ferrous 
sulphide under similar condition, gives a mixture of carbon monoxide and 
dioxide gases in the proportions 1 : 3, and forms a very dark-green mass which 
dissolves iii water forming a dark-brown soln. which turns dark green on exposure 
to air and contains sodium hydroxide and a double sulphide of sodium and iron. 
Sodium and potassium carbonates are reduced by carbon at a high tonp., and, 
early in the nineteenth century, the metals were }>repared by this reaction. Lithium 
carbonate under similar conditioiis forms lithia, not the metal, but if heated in an 
electric furnace witli an excess of carbon, it forms a carbide, Li 2(’03 | dC -Liot’^ 
-f 3C0, and in this respect it rcsemldcs the alkaline earth ratlier than the alkali 
family. E. Vigouroux found the alkali carbonates form silicates when fustid with 
silicon. As previously indicated, the salt is decomposed when heatcnl in a stream 
of hydrogen, but, according to K. Stammer, not by carbon monoxide. L. Frank 
found that sodium is also produced when the carbojiate mixed with aluminium 
powder is heated in a stream of hydrogen. According to G. Dragcndorlf, when a 
mol. of sodium ( arbonate is heated to redness with six gram-atoms of phosphorus, 
sodium ])hosp)iate, ciirlion, and carbon monoxide are formed : 2P-}-3Na2C(tj 
-^ 2 Na.jP 04 -l 2C-1-C0 — the reaction b(‘gins at 220'', and if complet(*d at 210“, a 
brown substance resembling humus is ]}rodu(jed instead of carbon-- possibly an 
iinstal)le carbon ])hosphide is formed at the lower temp. E. (k Franklin and 
C. A. Kraus report that sodium carbonate is insoluble in licpiid ammonia. 
H. Giraud found that a cone. soln. of potassium carbonatci sat. wntJi ammonia 
separates into two layers - the upper one contains almost all the ammonia, and the 
low'cr one the potassium earlxmate. The latter is virtually insoluble in the ammonia 
soln. Idle two layers coalesce when luiuted in a vseuled tube, but separate again 
on cooling. K. Abegg and if. Riesenfeld found the vaj). press, of a normal soln. 
of ammonia at 23'' to be 13 45' mm., and in the presence of -IN-, iV-, and 1 
the vap, f)ress. rose respectively to 17*10, 20*75, and 21’ 10 mrn. For the action of 
the hydroxides of the alkaline earths, see the alkali hydroxides. 

According to P. A. Pliickiger, lithium forms a basic carbonate ; litiniini oxifcar- 
honatr is a crystalline compound of lithium oxide and carbonate wdiose c,omposition 
and limits of existence have not been explored. According to H. le Chatolier, the 
fusion curve of mixtures of yjotassium and lithium carbonates shows two eutectics, 
one at 500^ and tlu*. other at 4y2'\ c-orresjionding respectively with 26 and 46*6 
per c(nit. of litiyium carbonate. The intermediate maximum at oir)"" corresponds 
with the formation of the double salt, lithium potassium carbonate, LiKCOg. 

K. Mit schorl ich found that an intimato mixture of potassium and sodium carbonates 
fuses at a lower temp, than either salt alone, and F. Htolba found that at ordinary temp, 
the sp. gr. of the fused mass was 2%'i;{~2'5e. H. le Chatelier obtained the V-cutectic at 
690° witli 48*5 per cemt. NagCOg with no sign of the formation of a compound of the two 
salts at fusion temp. These facts of course do not prove the formation of a chemical 
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individual €is a complox of the two salts ; indeed, as previously indicated, P. Niggli found 
that a series of mixed crystals is fo^^ed under these conditions. F. Margueritte claimed 
to have obtained a double carbonate by the repeated crystallization of the mother liquor 
obtained in the manufacture of potassium ferrocyanide, and by cone, a soln. containing 
a mixture of the two carbonates with an excess of the potassium salt. J. C. G. do Marignac 
obtaineii large crystals of wdiat he regarded as a double salt in a similar manner ; and 
added that if the solri. be cone, in vacuo, crystals of mono hydrated sodium carbonate, 
NagCOg.HgO, are alone obtained. The salt has also been obtained by F. Stolba, and by 
\V. Graff from the potash ot)tairicd as a by-product in the manufacture of beet sugar. 

The composition of F. Margueritte's erj^stais formed from soln. with an excess of jjotas- 
sium carbonate corresponds with octodocahydratod sodium ]iota8sium tricarbonate, 
K2CO3.2Na2CO3.H2O. According to J. C. G. de Marignac, and F. Stolba, the monoclinic 
crystals formed from approximately equi -molecular proportions of the two carbonates, 
1 la ve the composition of h exahydrated sodium potassium carbonate , KN aCOs. bH jO. The axial 
ratios measured by the former wore a \ h xc =0*9045 : 1 : 0 *8143, and jS — 1 3 J 48". The crystals 
have also boon measured by A. Knop, and by V. von Zopharovich ; the latter showed that 
the habit of the crystals is very sensitive to the composition of the soln. The solubility 
of mixtures of the two salts at 25"^ shows no signs of the formation of any other double salt 
than Na2C03.K2G03.12H20. F. Stolba says the crystals are decomposed by recrystalliza- 
tion from water, and that crystals richer in sodium crystallize from the soln. unless an 
cjxcess of the potassium salt be added to the soln. F. {Stolba also says that 100 grins, of 
water at 12*5'^ dissolve 133 3 grms. of the salt, and at 15*^, 185*2 grms. of the salt — the 
latter soln. lias a sp. gr. 1 *366. F. Stolba found tho sp. gr. of the crystals to be 1*61—1 *63 
at 1 4'". H. von Fehling says tho crystals are slightly hygroscopic, and ejffloresco in dry 
air ; they lose almost all their water at 100°. L. Hugourienq and J. Morel say the spon- 
taneous crystallization of soln. containing 495*9 grms. of potassium iodide; 10*3 of potassium 
tuirbonato ; 77*3 of so<liuin carbonate ; 42*0 of disodium hydrophosphale ; and 58*3 of 
sodium oliloride furnish raonocJinic prisms with axial ratios a : 6 : c=0*7104 : 1 : 0*7800, 
and -104° 25". The crystals have the composition dodecahydrated potassium trisodium 
dicarbonate, or KNaC03.Na2C03.12H20, or K2C03.3Na2C03.24H20. 

The crystals effloresce in air, they melt in their water of crystallization at 40°, and dissolve 
in their own weight of water. When recrystallized from water, tho composition of the 
product approximates closely to F. Margueritte’s salt. The comj)Osition of tho crystals 
is so sensitive to the composition of tho soln. that L. Hugounonq and J. Morel concluded 
that mixed crystals and not true double salts are produced. 

E. Brunner found the following conditions obtain between fused sodium and alkali 
carbonates and chlorides or bromides at 900^ : 52 per cent, of {KCl+JNa2C03)^48 
per cent, of (NaCl h2K2CO:3) ; 03 per cent, of (KCl+JLi2C03);F=^37 per cent), of 
(LiCl-f- JK2CO3) ; 53 per cent, of (KBr+iNagCOsl^F^lT per cent, of (NaBr+JK2C03) ; 
56 per cent, of (NaCl+ JLi2CX)3)^44 per cent, of (LiCl+ JNaoCOs). 

M, Amadori studied fused mixtitres of sodium fluoride and carbonate : no com- 
pound is formed, and the salts arc not miscible in the solid state. There is a eutectic 
at 690° and 39 inols. per cent, sodium fluoride. Similar results obtain with sodium 
chloride and carbonate. There is an eutectic at 636° and 59 mols. per cent, of 
sodium chloride. Similarly, with potassium fluoride and carbonate, there is with a 
eutectic at 636° and 65 moLs. per cent, of potassium chloride. With the system 
potassium fluoride and carbonate there is a eutectic at 688° with nearly 46 mols* 
per cent, of potassium fluoride, and another eutectic at 682° with 62 mols. per cent, 
of potassium fluoride ; there is a slight rise in the ni.p. between tho two eutectics, 
corresponding with the formation of potassium fluorocarbonate» KF.K 2 CO 3 . 
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§ 32. The Alkali Hydrocarbonates, Bicarbonates, or Acid Carbonates 

A. Arfvedson noticed that the solubility of lithium carbonate in water is iiicreast'd 
if the water be sat. with carbon dioxide ; the solubility is increased nearly five-fold, 
for L. Troost t found that under these conditions, the solubility in KX) grnis. ot 
water is 5'25 grms. ; A. Goldamnier gives 5*45 grins. ; and J. Bevad, 5*56l grms, 
at l^y^ P. Carles also found the solubility of lithium carbonate is augmented if 
alkali hydrocarbonates are present in the soln. A. Arfvedson found that a crystalline 
crust is obtained by the evaporation of the soln. of lithium carbonate in carbonated 
water, the product was shown by C. G. Gmelin, and C. F. Rammclsberg to bo normal 
lithium carbonate. Lithium hydrocarbonate has not therefore been isolated, 
although there is little doubt about its existence in aq. soln.— r/.p. P. N. Raikow 
says that a soln. of lithium carbonate does not absorb enough carbon dioxide to 
convert all the normal salt into the hydrocarbonate. 

The direct product of the ammonia-soda process and its modifications if^ 
sodium hydrocarbonatc, NallCO^; and as indicated in connection with the 
occurrence of sodium carbonate, it occurs in alkaline spring waters j in association 
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with the normal carbonate as trona and urao ; but not alone as sodium hydro- 
carbonate. When carbon dioxide is passed through a soln. of sodium carbonate 
in twice its weight of water, sodium hydrocarbonate is precipitated, but the absorp- 
tion of the gas is slow at ordinary press., and therefore H. C. Kjreuzburg recom- 
mended working witli tlie gas under press. L. Meyer has studied quantitatively 
the absorption of carbon dioxide by soln. of sodium carbonate , and the relations 
between carl)on dioxide and sodium carbonate and hydrocarbonate have been 
previously discussed. L. Pesci claims to have prepared potassium or sodium 
liydrocarbonate free from the chloride or nitrate by the following process : 

A soln. of potassium hydroxide or sodium carbonate in 80 per cent, alcohol is sat. with 
carbon dioxide. At first, normal carbonate is formed which withdraws the water from 
the alcohol, forming a dense stratum at the bottom of the vessel, but on continuing the 
passage of the gas this becomes pasty from deposition of crystals of the hydrocarbonate. 
The alcohol, containing chlorides and nitralcH, is now decanted and replaced by a fresh 
quantity, the passages of the gas being continued, with occasional agitation, until the pasty 
precipitate becomes pulvcuulent and tho liquid is sat. with carbonic anhydride. The 
hydrocarbonate, after b(?ing thoroughly washed with alcohol, is found to bo quite pure. 

It is formed under many conditions when powdered and moist solid sodium carbonate 
or one of the hydrates is exposed to the action of carbon dio.\ide. H. 0. Kreuzburg, 
W. Mahlenbrook, J, J. Berzelius,^ Mohr, P. Schiirier, P. de Mondcsir, 
W. P. W. Artus, W. P. Channing, and M. Jacquelain used this metliod of }irepara- 
tion. R. Smitlx and P. P. G. Boullay pointed out that the spongy frialxle mass so 
obtained must bo pulverized and repeatedly washed with cold water to free it from 
the unconverted carbonate ; and R. Schindler, that tho salt must be rapidly dried 
after washing because it loses carbon dioxide rapidly if exposed in a moist condition 
to the air, or it may be dried at tW, and once more exposed to the action of the 
ga.s. R. Schindler also adds that if the salt bo fully sat. with carbon dioxide it 
no longer reddens turmeric nor gives a precipitate with a very dil. soln. of mercuric 
chloride, but with a cone, soln., a white preoijntate is formed which in a few minutes 
becomes red and then purple ; if the least amount of normal carbonate be present, 
the precipitate is reddish-brown. T. Bergmann described this reaction in 1774. 
If some ammonium carbonate be present, the precipitate with normal carbonate is 
white. G. Patcin noted that sodium liydrocarbonate gives no precipitate with a 
soln. of magnesium sulphate. E, Biltz says that the first effect on mixing eep 
quantities of sodium Ixydrocarbonate and mercuric chloride is tho formation of a 
white opalescence, then a reddening of the liquid, and the forjnation of a dark-red 
l)rccipitate of 2HgCl2-»IH20, H. Hager says that mercurous chloride succeeds 
better than mercuric chloride ; if 0*5 gnu. of mercurous chloride, 1*0 grm. of sodium 
hydrooarbonate, and 1*5 gnus, of water Ixe shaken together, no darkening occurs 
in the absence of normal sodium carbonate, but if tlxc last-named salt be present a 
juoro or less intense grey coloration appears. Sodium hydrocarbonate can bo prepared 
l)y the action of ammonium carbonate on sodium carbonate. F. Schaffer allowed 
an intimate, mixture of commercial ammonium carbonate with three to four times 
its weight of decaliydrated sodium carbonate to stand for 24 lirs. with the slurry-like 
mass exposed to the sun on absorbent paper or porous tiles. The last traces of 
ammonia esca})e with the water, and a chalk-like mass of sodium liydrocarbonate 
remains. According to R, Schindler, a mixture of sodium monohydrated carbonate 
with two-thirds its weight of ammonium carbonate, when exposed to air between 
25"^ and 30*^, gives off unclianged ammonium carbonate and furnishes normal sodium 
carbonate, but at 75^^, the mixture gives off ammonia and leaves a residue of sodium 
hydrocarbonate. F. L. Winckler recommended modifications of tho ammonium 
carbonate process. J. N. Planciva prepared sodium hydrocarbonate by the action 
of sulphuric acid on a soln. of sodium carbonate ; R. Schindler used acetic acid. 

A bottle containing a soln. of 286*4 grms. of decahydraled sodium carbonate dissolved 
in twice its weight of water is closed by a stopper fitted with a tube-funnel drawn to a very 
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fine tip, and dipping about an inch below the surface of«the soln. 49 grms. of BuJpJm,.. 
acid are carefully poured through the funnel. The mixture is allowed to stand witlif<n. 
agitation for several days. Crystals of sodium hydrocarbonate are formed. Theses 
oollectod, washed, and dried. The finer the tip of the tube-funnel, adds K. SchindJn 
and the more slowly the sulphuric acid runs into the liquid, the better the crystals ; tJiu 
least shaking is disadvantageous since carbon dioxide is thereby evolved. If acetic a( i<i 
be used, some shaking is needed. 

The corresponding potusium hydrocarbonate, KHCO3. was reported bv 
F. Pisani ^ to occur at Cliypis (Canton Wallis) as a mineral which he called kalicinr 
or halecinUp^ with the coiiipo.sition : K2O, 42*60 per cent. ; MgO, 0*64 ; CaO, l lO ; 
C()2, 44*00 ; H2O, 7*76 ; sand, etc., 3*60. It is obtained by similar processes to 
those employed for the sodium salt, K. A. Cartheuser, M. Weitzel, and F. Mohr 
made it by passing carbon dioxide into a cone. soln. of potassium carbonate when 
the sparingly soluble hydrocarbonate crystallizes out. The absorption of the gas 
is slow at firat, but jiroceeds more quickly the more cone, the soln., and F. Woliler 
used solid potassium carbonate moistened with a little water. The carbonate was 
made in a porous form by the ignition of the tartrate, and the vessel was kejit cool 
by surrounding it with cold water because during the absorption of the carbon 
dioxide much heat is evolved. The crystals of the hydrocarbonate were treated 
with a little water at 60°, filtered, and, on cooling, most of the hydrocarbonate 
separates in largo crystals. A. Diiilos used an analogous process. H. C. Kreuzburg 
treateil potassium carbonate moistened with alcohol in a similar manm^r. 
F. A. Cartheuser also made potassium hydroearbonate by the action of ammonium 
carbonate on a cone. soln. of the normal carbonate. A. Duflos, W. H. S. Buchholz, 
and J. B. Trommsdorf used a similar process, M. Sehlmeyer and I. Folix mixed 
a cone. soln. of i)otassium carbonate at 75"^ with barely enough acetic acid or cream 
of tartar to sat. all the potassium. The acid is added gradually, and so soon as 
the soln. begins to efferversce, it is filtered, and crystals of the hydrocarbonate 
separate out on cooling. 

R. Bunsen and Q, Kirchhoff'^ made rubidium hydrocarbonate, RbHCt)^, by 
evaporating over sulphuric acid, a soln. of rubidium carbonate in water sat. with 
carbon dioxide and in an atm. of carbon dioxide. Similar remarks apply to csesium 

hydrocarbonate, CsHOdg. 

The crystals of sodium and potassium hydrocarbonates are monoclinic prisms. 
According to J. Schabus,® the crystals of sodium hydrocarlionate, NaHOO^, liave 
the axial ratios ry : 6 : c-”()*764r> : 1 : 0*3582, and j8— 93° 19'; and, according to 
H. J. Bro(jke, the crystals of potassiutri hydrocarbonate, KHCO3, have 
a : 6 ; c=2*6770 : 1 : 1*3115, and /3^^“103° 25'. 6, P. Rammclsberg, A. Levy, 
H. do S^narmont, and H. St. C. Deville investigated the crystals of the last-named 
salt. W. C. Smith's value (or the specific gravity of the sodium hydrocarbonate 
is 2*159 ; II. Buignet's, 2*163 ; F. Stolba’s, 2*2208 (15°) ; H. G. F. Schroder's, 
2*206 ; L. Playfair and J. P. Joule’s, 2*192. W. C. Smith’s value for the sp. gr. 
of potassium hydrocarbonate is 2*078 ; H. Buignet's, L. Playfair and J. P. Joule's, 
2*092. 

The dissociation press, of the alkali hydrocarbonates at different temp, have 
been previously discussed, and the results show the increasing stability of these salts 
as the at. wt. increa.se in magnitude. 

W. E. Muller® gives the heat of formation of lithium hydrocarbonate as 
2Li0Haq+2C02f,q— 2LiHC03aq f 22*1 Cals. The heat of formation of sodium hydro- 
carbonate from its elements is given by J. Thomsen as 229*3 Cals. ; by M. Berthelot 
as 227*0 Cals. ; and by R. dc Forcrand, 228*38 Cals. ; for potassium hydrocarbonate 
M, Berthelot gives 230*4 and 233*3 Cals. ; and R. de Forcrand," 231*63 Cals. 
R. de Forcrand gives for rubidium hydrocarbonate, 231*92 Cals. ; and for ca\sium 
hydrocarbonate, 232*93 Cals. M. Berthelot also gives for the heat ol neutraliza- 
tion : 2Na0Haq+2C02aG-2NaHC03ac+8*54 Cals, at 15°; 2K0Haa+2C02aa 

-2KHC03aa+220 Cals.; and K2C03^q4-C02aq-2KHC02aq+l'8 Cals. For 
the heat ol solution of potassium hydrocarbonate, M. Berthelot gives — 5*3 Cals. 
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For the heat of dissociation* Q, of sodium hydrogen carbonate calculated from the 
vap. press., R. M. Caven and H. »I. S. Sand give 30*7 Cals., and from R. de For- 
crand’s thermochemical data, 29*7 Cals. In the former calculation, log^?— a— 6/T, 
and 10=2*30, and cals. The values of a and h are indicated previously. 

In the second calculation for sodium hydrocarbonate, the values [NaHC03l=228*38 
Cak ; [Na2C03l=271*97 Cals. ; Cak ; and {C02}==97 Cak are 

substituted in 2LNaHC03j=[Na2C03]+{H20 } +{002 \ Similarly for potassium 
hydrocarbonate, the corresponding values are respectively 31*46 Cals, and 32*83 
Cals. ; for rubidium hydrocarbonate respectively 39*56 Cals, and 33*8 Cals. ; and 
for caesium hydrocarbonate respectively 59*96 Cals, and 36*26 Cals. The discrepancy 
in the results of the calculations by the two methods is probably in part due to 
wrong values for the observed heats of formation of the compounds in question 
from the elements. 

The solubility of sodium hydrocarbonate in water was measured by T. Bergmaim, 
V. Rose,^ J. Anthon, and A. B. Poggialc. The last-named worked between 0® 
and 70'^, and H. C. Dibbits has shown that sodium hydrocarbonate cannot exist 
at 70^^ under the conditions of A, B. Poggiale’s experiments. II. C. Dibbits’ numbers 
about 20^^ agree with those of A. B. Poggialc, but below that temp. H. C. Dibbits’ 
numbers are the smaller, and above that temp, the higher. H. C. Dibbits alone 
took spetjial ])recautionB against losses of carbon dioxide, for, as previously indi- 
cated, the soil), are stable only in the presence of an excess of carbon dioxide. 
J. Anthon, A. B. Poggialc, and H. C. Dibbits have also measured the solubility of 
potassium hydrocarbonate under similar conditions. The last named gives for 100 
parts of water : 

5 '' 10 “ 20 “ 25 “ 30 “ 40 “ 50 ® 60 ® 

NallCOj . . 6*90 7*45 8*15 9*60 10*35 11 10 12*7 14*45 16*40 

KHCO, . . 2205 25*0 27*7 33*2 36*1 390 45*3 49*9 60*0 

P. Stolba says a sat. soln. of sodium liydrocarbonate at 16*^ has a sp. gr. 1*06904. 
According to J. Anthon, 100 parts of water at 11*25° dissolve 8*27 parts of sodium 
liydrocarbonate, forming a soln. of sp. gr. 1*0613; and likewise potassium hydro- 
carbonate at 11*2'' dissolves 26*1 parts of the salt, and the soln. has a sp. gr. 1*1536. 
R. Engel found a sat. soln. of potassium hydroearbonate at 0° has 23 grms. of salt 
per 100 grms. of water, and the sp. gr. is 1*127. F. Fouque found a soln. of 
1*15 gnus, of potassium hydro(*arbonate in 100 grins, of water had a sp. gr. 1*0074 (6°), 
and i*(X)62 (19°), and a soln. of 3 54 grins, per 100 grms. of water, 1*0233 (0)° and 
1*0216 (19°) ; F. Kohlrausch gives for soln. of 5*26 and 11 *1 grms. of the same salt 
per 100 grms. of water at 15°, 1*0328 and 1*0674 respectively. W. H. Balmain 
found the solubility ol sodium liydrocarbonate in water at 15° to be lowered by the 
presence of sodium chloride or sulphate ; and the effect of sodium chloride or 
ammonium hydroearbonate on the solubility of sodium hydrocarbonate in soln. sat. 


Table LIII. — Efeect of Sodium Chloride and Ammonium K ydiiocahbonate on the 
Solubility of Sodium Kydrocarbonate. 


Ammonium hydroearbonate. 


Sodium chloride. 


0“ 

15 

0 

j 30“ 


.)» 1 

; 15“ 

I 

30“ 

45“ 

SH.HCO, 

NaHCO;> 

NH4HCO5J 

NaHCOjj 

NH4HCO3 

NaUCOg 

NaCl 

i i 

NalfC03 

NaCl 

NaHCOj 

NaCl 

1 

NaHCIj 

NaC’ 

NaHCO, 

0 

0-82 

0 

1*05 1 

0 

J *65 

0 

0-82 

0 1 

1*05 

1 

1 1*31 

0 

106 

1*39 

0C8 

216 

1 

0*71 ! 

: 1 

2*91 

1 0-83 

6*0 

0 09 1 

i 

6-06 

0*12 

6*12 I 

0*17 

6*18 

1 

0*23 


with carbon dioxide has been measured by K. Reich, G. Bddiander and P. BreuII, 
and by P. P. Fedotieff. Expressing the results in mols. of salt per 10(X) grms. of 
water, R. Engel showed that the solubility of potassium hydroearbonate in soln. 
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of normal potassium carbonate at 0® is lowered almost to zero with Sl'l por 
of the normal carbonate. The addition of potassium hydrocarbonato to a sj.j 
soln. of the sodium salt precipitates some of the latter. J. Anthon roj)orted L< • : 
parts of water between 10^ and 11*2*^ when sat. with potassium liydrocarhonatr 
contains 26*1 grms. of the salt, and it can then take up 6*0 ^rms. of sodium fivtim 
carbonate; similarly, if sat. with the sodium salt it contains 8*7 grms. 
and can then dissolve 19*3 grms. of jiotassium liydi’ocarbonate. There is notliiii'; 
here to show tliat the soln. were in equilibrium with the solid phases. Alcohol 
lowers the solubility of sodium hydrocarbonate. According to F. Stolba, 100 grnis. 
of alcohol of s]). gr. 0*941 dissolve 1*2 grms. of the salt at ; potassium hydro- 

carbonate is very sparingly soluble in alcohol. (\ Jj. Berthollet says that 100 parts 
of hot alcohol dissolve 0*83 part of the salt. A. Vogel found KX) grms. of fjhjcrrof 
at lo r)"" dissolve 8 grms. of sodium hydrocarbonate. 

V, A. Favre and F. Roche found that on electrolyzing soln. of sodium hydro- 
carbonate, a Juixture of oxygen and carbon dioxide was formed at tlio anoih*. 
F. Kohlrausch has measured the sp. conductivity of sr>ln. of ])otassium Jiydio- 
carbonate at IS'^. F. P. Treadwell andM. Reutc^r measured the mol. conductivity, 
/X, of soln. of a jnol. in 256, 512, 1024, and 2018 litres of water at 18°, and foujul 
that /X is respectively 90 3, 92*1, 93*7, and 96*0. F. Kolilraust'h ® also measured 
the temp, coelf. of the conductivity. J. Kendall measured tlie eq. conductivity of 
soln. of sodium hvdrocarbonate. G. Bodlander and P. Rreull found the electro- 
motive foivo of the cell PtlHo, C(L, HCi, NaCliNad. NalfCCt,. CO., JLPt at 
20*’ witli sat. soln. ; 0*l2A^-fl(.1 and tlio press, of the carlmu dioxide 0*5 iil.m. The 
potential differenc(^ w^as 0*3985 volt. From the tluunuil value of tluj reaction : 
NaCl-J-COo-f Ih^O—NallCOa-f-HCl, tbe free energy of the redaction between liydro- 
cliloric acid and the hydrocarbonate is 8*7 and 9*1 cals. It is also shown tliat in 
order to form enough, sodium hydrocarbouate to form a sat. soln. it would be 
necessary to pass carbon dioxide at the unaftainabh^ )>ress. of 3*3x10® atm. into 
the soln. of sodium chloride. G. M(‘sliii says sodium n nd potaswsium liydrocarbonate 
are diamagnetic. 

The stability of dry and moist hydrocarbonates in air and of the a([. soln. lias 
been previously discussed. Himilar remarks apply to the action of heat on the 
salts. V. Rose reported, in 1801, that .sodium hydrocarbouate has an alkaline 
taste ; it docs not change the colour ()f tunneric or litmus, but it turns logwood 
and red litmus blue ; and colours syrup of violets green. If quite free from 
the carbonate, it is neutral to ])henolphthaloin at 0° ; but F. W. Kiister and 
F. P. Treadwell and M. Reuter found the soln. reddens j>henol})hthalein red at 
ordinary temp. The coloration with [>henolphthalein will be very faint at 15° 
if the JKU'inal carbonate* ho absent. L. Gailletet ® prepared a com|)ound of liquid 
<‘arbon dioxide, and potassium carbonate which has been jegartled as Incatbonalc 
de potassium anhydre, K2G2Gr,. P. Kasanezky found that hydrogen ])eroxidc 
drives (*arbori dioxide from sodium or ])otassium hydrocarbonat(^ and then reacts 
with the, resulting carbonate huining a ])ercarbonate. A double salt of sodium 
<*a.rbonate ami hydrocjir})onatc occurs in Venezuela as nrao, and in Egypt as trona. 
Analyses Qf f Eiryptian trona have l)(*en given bv T. lleiny, O. Popp, V. 8. 
Bryant. M. 11. Klaprotli, d. Joflfn*, and A. Laugi u* ; of India-n trona, by W. Wallace, 
1). Hoo]>e-r, and . 11. Bradley and R. Reynolds : of Australian, by R. Daintree ; 
of Venezuelan, by Al.de Rivero and d. B. d. D. Boussingault ; and of North 
American, by d. I). Weeks, and Al. Cliatard, The analyses of the natural deposits 
show that the salt is a mixture or (iompoiuul of sodium carbonate and hydrocarbouate. 
M. H. Klaproth, O. Popp, and J. W. DobereiTier favour Na5jGO3.2NailCO3.3H2O, or 
2Na^0.3C02.4Hi,0. (\ F. Ramni(‘lsberg\s forniida --2Na2(X)3.}r2C(>3.2 -IH^O, that 
is, Na2C03. 2NalIC03. 2—41120 - calculated from Jj. Pfeilfer^s analyses of Indian 
trona, is in agreement with this conclusion. On the other hand, A. Laurent 
calculated the fonnula NaoCq3.NaHC:Oo.2H2(-), or 3Na2O.4CO2.5H2O, from M, de 
Rivero and d. B, d. D. Boussingault s analyses of Venezuelan urao ; R. Hermann, 
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R. Phillips, H. Rose, and J. W. Dobereinor believed that they had prepared the 
compound Na2C03.2NaHC03, that is, 2Na20.3C02*H20— which was called sodium 
seSQiUicarbonate — by crystallization during the cooling of a boiling aq. soln. of 
the hydrocarbonate ; by evaporating a soln. of the hydrocarbonate in vacuo ; 
by crystallization from a lujt soln. of the component salts ; or by melting together 
cq. proportions of the two salts, and exposing the product in a cellar for some 
weeks. C. Winkler poured 1920 parts of alcohol on toj) of a soln. made by dis- 
solving 1(K) ])arts of the normal carbonate and 152 parts of the hydrocarbonate 
in 1020 parts of water. Acicular crystals of the alleged sesquicarbonate appeared 
in a few days at the surface of separation of the two liquids. Oystals of the nbrmal 
carbonate with a crust of hydrocarbonate were formed at the bottom of the soln. 
These crystals were studied by A. B. Poggialc, and R. »SchindIeT. 

Later investigations by E. de Mondfeir, V. von Ze])harovich, T. M. Chatard, 
M. Boury, H. Lcscceur, and J. Ilabcrmann and A. Kiirtcnackcr favour the view 
that A. Jjaurent’s formula, Na2C03.NaIICl)3.2H20, represents the composition of 
the double salt. Crystals of this salt were made by P. de Mondesir by the following 
])rocess : 

Gradually add an intimate mixture of 8 parts of sodium hydrocarbonate and 28 parts 
of thc^ (locahydrated carbonate to a nearly boiling soln. containing 28 parts each of sodium 
chloride and docahydrated 
sodium carbonate in 100 parts 
of water making good the 
evaporation losses by uiorc3 
water. When all is dissolved 
the liquid is cooled slowly not 
lower tljan 20^. The double 
salt separates in lino needless 
which are separated from the 
raotlu^r liquor by decantatiem 
and suction. When washcjd 
with vv^ater, the crystals de- 
comj3oso, the normal car^ 
bonatii passes into soln. 
leaving behind most of th<3 
hydrocarbonato. I*, de Mon- 
desir adds that the salt is very 
stable ill sat. soln, of sodium 
chloride, probably because it 
is only sJijrhtly soluble oven 
w'hen heated, and evtm on 
boiling it loses its acid with 
excessive slowness. Never- 
theless, a c(5rtain excess of 
the normal carbonate is nocessaiy for its preservation. T. M. Chatard employed a 
somewhat similar proct'ss. 

J. J. Watts and W. A. Richards patented the preparation of this salt by removing 
the proper quantity of carbon dioxide from sodium liydrocarbonate by adding 
sodium hydroxide, sodium carbonate, or the hydroxides of the. alkaline earths, and 
crystallizing the soln. at about 35*^ ; C. Winkler obtained it from carbonated liquor 
of the ammonia-soda process ; and T. M. (liatard by the spontaneous evaporation 
of soln. of normal sodium (carbonate which had been exposed to the air some time 
an<l thereby absorbed carbon dioxide. There is a fairly general agreement that a 
temp, below 35® is not favourable to the formation of trona ; and that the crystals 
develop better in sodium chloride soln. ; and excess of the normal carbonate also 
favours tlie formation of trona. J. J. Watts and W. A. Richards say that if an 
excess of the hydrocarbonate bo used, it crystallizes out unchanged. T. M. Chatard 
studied the influence of the composition of the soln. on the formation of trona, and 
obtained the results indicated in Table LIV with soln. containing a luol. of the 
normal carbonate. H. N. McCoy and C. D. Test have studied the conditions under 
which the sesquicarbonate is formed, and their results are summarized in Fig. 73. 



Per cenC of Na in zolution, present, as hydrocArbonate 

Fig. 7^1. — C^mtlitiouH (>f K'^uilibrium of Sodium Sesqui- 
carbonate. 
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The point A represents the solubility of sodium hydrocarbonate in water, the < 

AB, the sohibility curve of soln. containing increasing proportions of the norm, 
carbonate in equilibrium with the hydrocarbonate as solid phase ; at B, 12-9 j,. . 
cent, of the sodium in the soln. is in the form of hydrocarbonate, and 871 per cctii. 
in the form of sesquicarbonate. The curve BC represents the solubility with needh' 
like crystals of the sesquicarbonate, Na2CO8.NaHCO3.2H2O, as solid phase ; aii,l 
CD, with Na2C03 IOH2O as solid phase. The points B and C represent four-pha.-.' 
systems. M. P. Appleby and K. W. Lane did not find the trona region at 18°. 


Tablb LIV. 


Mils. NaHOOg 


Product — T « troua. 



0*126 

025 

0*5 

10 

(0-5 . 

NaCl 1*0 . 

I 20 . 

T+NagCOj.HjO 

T 

T-fNa3C08.Ha0 

T+NaHCOa 

T 

NaHCOa 

NaHCOg 

NallCO, 

NaHCO, 





Fio. 74. — Crystal.s of Sodium Dihydrated Mono 
hydro-dicarbonate, Na 2 CO 8 .NaHCO 3 . 2 H 2 O. 


P. de Mond6sir showed that the product is the same as J. B. J. D. Boa'^sirifrault/s 
urao, and he calls it carbonate quatreliers^ or four-thirds carbonate, from the ratio 
NaoO : (X)2— 0 : 1, or 1 : Hence, it can be called sodium tpira-trita-carhoymte, or 

ietrhi-carhonaie ; it is also sodiummonohydro-dicarbonate, Na2C03.NaHCX)3.2n2^>* 
M. Soury could find no evidence of any other in his measurements of the vap. press. 

of soln. of these two salts. V. von 

Zepharovich and M. T. Chatard 
adopt the view that all native 
trona or iirao dcj)osits which have 
a dificrent composition froTU the 
tetratrita-carbonate are mixtures 
of this carbonate with other 
sodium carbonates. The idt‘al 
trona or urao corresponds with the formula of A. Lauren. This conclusion is 
supported by B, Reinitzer’s, and W. Wallace’s analyses as well as others previously 
mentioned. 

The crystals of dihydrated sodium monohydro-dicarbonatc, Na2CO3.NaHCO3.2ll 2^ 1 
— ideal trona or urao— are in the form of monoclinic prisms, Fig. 74. According 
to E. F. Ayres,, the axial ratios are a:h: c=2*8426 : 1 : 2*9494 and j3=^“l03"’ 29' in 
agreement with the measurements of V. von Zepharovich. W. Haidinger’s value 
for the sp. gr. is 2*112 ; B. Reinitzer’s, 2*14 ; and T. M. Chatard’s, 2*1473 (21*7"). 
W. Haidinger gives the hardness between 2*5 and 2*75 ; and M. de Rivero and 
J. B. J. I). Boussmgault under 3. W. Haidinger savs the compound is less soluble 
ill water than sodium carbonate. Solubility determinations have been made by 
A. B. Poggiale, who found for IOC grms, of water : 


Gram-oq. Na 


0 '^ 

0J87 


20 ® 

0*286 


30® 

0*330 


40® 

0*374 


60® 

0*464 


80® 

0*569 


100 ® 

0*650 


It is a little uncertain what is the solid phase in equilibrium with the soln. at the 
lower temp. As was shown by P. do Mondesir, H. Rose, and H. Schindler, trona 
is decomposed by recrystallization from water, by evaporating the soln., or by 
washing with water. W. Haidinger found the crystals do not effloresce in air, nor 
when confined over quicklime. H. Lescceur also observed no dissociation of the 
salt at ordinary temp., but E. F. Ayres says the crystals lose their lustre when 
exposed to air. 

C. L. Berthollet, and J. J, Berzelius found that when an aq. soln. of potassium 
hydrocarbouate is boiled, and then cooled, crystals of potassium SSSQUicarboaate 
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are formed ; and that a similar result is obtainexi by cooling a 8 oln» of equi- molecular 
proportions of potassium carbonate and hydrocarbonate in hot water. The crystals 
are said to be deliquescent in air and insoluble in alcohol ; but A. B. Poggialo has 
measured the solubility of the salt in water. 1j. Ginelin says that H. Rose’s experi- 
ments on the action of hot water on potassium hydrocarbonate render the existence 
of this salt doubtful. C. F. Rammelsberg obtained some monoclinic prismatic 
crystals of a salt which corresponded with K2CO3.2KHCO3.3H2O from a mineral 
waterworks, and which were obtained by evaporating a large quantity of hydro- 
carbonate. The axial ratios were a : 6 : e— 2‘6635 : 1 : 1’2952, and j8=104° 55'. 
F. A. Fliickiger found that white needle shaped crystals with the composition 
K2CO3.2KHCO3.5H2O were formed as an efflorescent incrustation on an earthenware 
vessel which had been used as a receptacle for potash, and which had been washed 
out and exposed to the sun. Attempts to prepare the salt artificially w'ere not 
successful. There is room for doubting the existence of these salts as chemical 
individuals until the systems have been explored by the aid of the phase rule ; 
M. P, Appleby and K. W. Lane found clear evidence of K 2 CO 3 . 2 KHCO 3 . 3 H 2 O on 
the solubility curve, but they did not prepare it synthetically. It is stable only in 
contact with a very limited range of soln. approximating 825*8 grnis. K 2 CO 3 and 
33*1 grms. KHCO 3 per litre. A. Bauer has reported the formation of this double 
salt. 
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§ 33. The Ammonium Carbonates 

f irl W unable to lind any rcfcreiioes to ainmomnui c.arbonate 

wl on ;t wn« Si A! ’* P^>«siWe that this salt vva.s in quo.sti.m 

et volntilihui n / V lucuicration ex oimitlms rrfm.<! eiiam ex aninMlilnis, pixeihus. 
et voUadtln.^, poleM J,en xal. The iirat definite allusion to ammonium Carbonate 


and twol^n w „J 4 1 . "U-S .saia tiiat tDe iirme of bovs between eight 

dktilLlS, siS hi T 

Filiallv a ^ 3 aIt wm ««' i tunes on tlie fir.st fractions of each distillntc. 

r / V ^ v which is very volatile - it was called ^nercuriHs 

' r ' f C same sal volalUa was jneutioned ))y many of the 

Biiccccc in^ a c u mists ,1. von Rocjuetaillade refers to its formation by heating’ 
animal matters m a closed ve.sRel ; 1. Hollandiis called it spiritm urina) ; Basil 
a en line called it spintas salts umm ; A. Sala noted that the .spirit of urine can 
sat. (neutralize) the acids ; J. B, van Hedrnont called it spiritus salis lotii or spiritus 
sats criwns , B. Cdauber called it spiritus urinw and spiritus volatilis salis 
artmniaci , U. J achen prepared it in a purified condition by distilling sal ammoniac 
and calcium carbonate; R. }3oyle, and also J. Mayow/prepared it from blood 
and from urine. " ^ ^ ^ 

seventeenth century it wa.s supposed that the products derived from 
iffcrent sources worn different ; and all kinds of extravagant recipes were given. 

persons who had been hanged should be 
distilled with 2 lbs. of dried vipers, hartshorns, and ivory.’’ It was extolled as 
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a cure for epilepsy ” and for suppressing the vapours that arise from stomach 
and spleen/’ The so-called Enrjlish drops in the pharmacopoeia of the seventeenth 
century were nothing more than sal volatile mixed with an ethereal oil* and sold at 
high prices because it was said to have been prepared by the destructive distillation 
of silk, R. Dossic maintained, in 1758, that the volatile alkali obtained from 
different sources had the same efficacy. When the alkaline character of spiritus 
urind', indicated by A. Sala, had been established, the product was called alcali 
volatile salts ammoniaci, and this was further abbreviated to afmmniacum^ and 
finally to anirmnium. The commercial carbonate of ammonia is the so-called 
sal vohUile, spirit of hartshorn, or sal volatile cornu cervix and it is a mixture of several 
ammonium carbonates. 

C. Clemm and K. Erlenmeyer reported finding 0’03878 grm. of ammonium 
carbonate, and 0*682 grm. of carbon dioxide per 1000 litres of the air of stables. 
P. Schirlitz 2 also found ammonium carbonate in sea-water. A. Ladureau noted 
the formation of ammonium carbonate from the fermentation of the urea contained 
in urine. Ammonium acid carbonate or hydrocarbonate occurs as a mineral 
teschctnacherile named after E. T. Toscheniacher, who found it on the guano deposits 
of the islands off Patagonia ; T. L, Phipson and W. Wicke reported it in the guano 
from the Chincha Islands ; C. Wurster and A. Schmidt reported its presence in 
urine. Several observers — ^A. Sehrotter, F. Riidorff, A. Vogel, P. Seidler, 
C. P. Wolfrum, etc.. — have discussed its presence in the purifying plant, mains, and 
gas-liquor associated with the manufacture of coal gas. 

J. Black’s investigation ^ of 1756 is the first contribution to the chemistry of 
the carbonates of ammonia, and he pointed out the chemical difference between the 
aqua ammonia and the solid carbonate of commerce. J. Priestley also, in 1774, dwelt 
on the same subject. T. Bcrgniann analysed the commercial carbonate in 1774 ; 
H. Davy emphasized the variable nature of the compounds of carbon dioxide and 
ammonia in 1799 ; while C. L. Berthollet (1806) and J. Dalton (1819) demonstrated 
that there are several different carbonates of ammonia. In his paper On the com- 
hinations of carbonic anhydride with ammonia and water (1870), E. Divers showed 
that there are at least three well-defined ammonium carbonates — ^the normal 
carbonate, the hydrocarbonatc, and the sesquicarbonate. On the other hand, in 
his paper Ueber die Verhindungen des Amnwniaks mil der Kohlensdwre (1839), 
H. Rose claimed to have shown that an indefinitely large number of these compounds 
can be prepared, and he described twelve of them. He said : 


Carbonic acid and ammonia can unite in the most varied proportions. Tho number 
of these combinations is indeed surprising, 1 have prepared several of them . . . and it 
would have been easy for mo to have increased their number . . . but I have contented 
myself with indicating the possibility of ihoir existence since their preparation and examina- 
tion would occasion more trouble than tho subject merited. . . . The reason for tho great 
number of those combinations arises less from tlio weak affinity which carbonic acid has for 
ammonia, than from tho circumstances that the various combinations have a great tendency 
to form double salts with one another. I regard tho several salts wliich carbonic a.cid forms 
with ammonia as double salts combined in different proportions. 


It is now thought that most of H. Rose’s carbonates were really mixtures, and 
that E. Divers’ list includes those whose individuality has been satisfactorily estab- 
lished. The ammonium normal and hydrocarbonates are usually regarded 
respectively as the secondary and primary salts of dibasic carbonic acid : 


HO 

HO 


> 0-0 


Metacarbonic acid 


Ammonium hydrocarbonate 


Ammonium normal carbonate 


the sesqui-carbonate is considered to be a double salt of these two carbonates, 
namely, 2 (NH 4 )HC 08 .(NH 4 ) 2 C 03 . If carbonic acid be tetrabasic, then these com- 
pounds will be meta-carbonates. It will be observed that with tho exception of 
the hydrocarbonatc, these salts have not been obtained anhydrous, they are always 
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hydrated~-(NH4)2C08.H20, and 2(NH4)HC03.(NH4)2C08.H20. E. Divers believes 
tnat tliey are Salts of a tetrabasid acid : " " 


''OH 

Orthocarboilic acid, 
H4CO4 


NH 40 ,.p, 0 H 

NH 40 ^^^ 0 H 


Secondary ammonium orthocnrbonate, 
(NH4),H,C0„ f.9. (NHiljCOj.HjO 


NHiOs-p^ONH* 


NH4O 


Normal ammonium orthociirbonute 
(NH,) 4 C 04 


This would make the sesqui-carbonate 2(NH4)HC03.{NH4)2H2C04. E. ])ivcr.s 
says that evidence of the probable existence of a normal ammonium orthocarbonuto 
is not altogether wanting in that J. Davy, by treating the conuuercial carboiiatii 
with aq. alcohol, obtained undissolved hydrocarbonate and a soln. of ammonia 
and carbon dioxide eq. to ammonium hydroxide and the normal metacarbonate. 
Similarly, when aq. alcohol acts on an aq. soln. of the commercial or normal car- 
bonate, the hydrocarbonate is precipitated, and there remains a soln. which is 
more alkaline than that of the normal metacarbonato. Further, when potassium 
carbonate is distilled with its eq. or more than its cq, of ammonium cliloride and 
aq. alcohol, the first portion of the distillate is a soln. of the normal me.tacarbonate, 
or one eq. to it, and it separates into a more basic soln. and crystals of the sesqui- 
and hydro-carbonates. When water is repeatedly treated with fresh quantities 
of the commercial (*arbonate, and one or two crops of crystals of sesqiii-meta- 
carbonate have been obtained, the mother liquor contains a little more than tw(j 
eq. of ammonia to one of carbon dioxide. Hence, added E. Divers, it sf^enis 
less probable to assume that a soln. of the normal metacarl)oiiate separates 
into the sesqui- or hydro-carbonate and ammonium hydroxide than into one of 
these salts and the normal orthocarbonatc : 4C0(0NH4)2H20=2{N1[40)*X'(0H)., 
+(NH4)4H2{C03)3+2H20. 

The preparation of normal ammonium carbonate, (NH4)2C03.— Before 
J. J. Berzelius had pu})lished his ammonium theory, the compound formed by the 
union of ammonia and carbon dioxide was thought to represent the normal carbonate. 
It was then recognized that this is not the required ammonium carbonate, 
(NH4)2C()3, but is another compound altogether, viz, C02(NH3)2, to which the term 
ammonium carbonate was applied. In 1789, however, A. F. de Fourc^roy and 
C. F. Bucholz ^ prepared the crystalline double salt of magnesium carbonate with 
normal ammonium carbonate, (NH4)2C03.MgC03.4H20. As a result of his attemjft 
to make the normal carbonate, H. Bose wrote : “ The neutral anhydrous ammoniiun 
carbonate cannot be obtained with the amount of water necessary to convert 
the ammonia into oxide of ammonium : (NH3)2H20C02, i.e. (NH4)2C03.’' 

H. St. C. Deville also succeeded in preparing only the two crystalline carbonates- - 
viz. the sesquicarbonate and the acid carbonate. 

In 1806, C. L. Berthollet probably obtained a weak soln. of normal ammonium 
carbonate, (NH4)2C03, by distilling a soln. of the acid carbonate, but, in 1813, 
J. Dalton first described a solid carbonate neutral in composition containing two 
mols. of ammonia to one of carbon dioxide. It also contained a mol. of water, 
i.e,, C02H20(NH3)2. j. Dalton prepared the normal carbonate in two ways : (1) By 
distilling the commercial carbonate and collecting the first product of the distilla- 
tion before it bad been exposed to the air ; (2) By adding sufficient ammonia to 
a warm sat. soln. of the commercial carbonate, to raise the proportion to such a 
degree that when cooled, the normal carbonate was precipitated ; and (3) by 
leaching the commercial carbonate with an insufficient amount of water to dissolve 
the whole, a soln. is obtained containing a greater proportion of ammonia than is 
present in the commercial salt. This observation was later on (1838) confirmed by 
R. Scanlan. The fractional soln. of the normal carbonate is determined by its 
greater solubility. H. Davy (1799) had previously prepared what he regarded 
as the most ammoniacal carbonate by the first of these methods, but gave no 
analyses, and J, Davy repeated his brother’s experiments and found the product 
to be a hydrated compound containing two eq. of ammonia to one of carbon dioxide. 
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Meanwhile, T. Thomson stated that the normal carbonate could be made by mixing 
carbon dioxide with twice its Volume of ammonia and an equal volume of water 
vapour. Although J. Davy confirmed this statement, it is very doubtful whether 
the product of this reaction is a single substance, but it is more likely to be a mixture. 
L. Hiinefeld prepared a neutral combination of ammonia and carbon dioxide by 
distilling the commercial carbonate with aq. alcohol, but he did not determine 
the degree of hydration. H. Rose also prepared the more volatile portion of the 
first product of the slow distillation of the commercial carbonate, and found it 
to contain two eq. of ammonia to one of carbon dioxide, and there was associated 
with it half an eq. of water, making (C0.2)2H20(N 113)4, so that it is doubtful if this 
can be regarded as a true ammonium carbonate. H. Rose also obtained the same 
compound by distilling a mixture of ammonium chloride and sodium carbonate. 
In 1870 , E. Divers pointed out that all the methods available for the preparation 
of normal ammonium carbonate depend for their success on the hydration of the 
carbamate, the combination of ammonia and water with the acid or half-acid 
carbonate, or on both these actions. Nearly all the methods of preparation depend 
upon the low solubility of ammonium carbonate in aq. ammonia, or in alcoholic 
Holn. 

(1) The pulverized commercial carbonate is digested in a closed flask with cone. aq. 
ammonia below 12°, in about 2 hrs. a mealy crystallized mass of crystals will remain. These 
are drierl by press, between folds of filter paper. Caro is to be taken to expose tho product 
as little as possible to tho free action of atm. air. (2) In another procotw, any on© of the 
ammonium carbonates is digested in a closed flask with four times its weight of cone, aqua 
ammonia between 20° and 25°, until it is dissolved. About 2 days are usually required. The 
soln. is loft in a cool place with tho vessel not completely closed so that some ammonia 
can escapo. Small interlacing standard pri.smatic crystals appear. If too little ammonia 
bo u.sod, crystals of what are probably ammonium carbonate are formed, while if too much 
ammonia be present tho crystals separate slowly and with difliciilty. The crystals are 
separated and dried as before. This process is more manageable than the first process. 
(3) If ammonia gas bo passed into a cono. soln. of the commercial carbonate, crystals of 
ammonium carbonate may separate while the gases are passing if the soln. be kept cool, 
or afterwards if the soln. bo kept in a closed vessel in a cool place. (4) One of the best 
modes of preparation is to dissolve the commercial carbonate in a warm dil. soln. of ammonia 
in a closed or nearly closed vessel. On cooling tho soln., crystals of tho normal oerbonate 
are formed — the crystals are small if a largo proportion of free ammonia be present ; and 
if too little ammonia be present, the half -acid carbonate is formed. (5) Normal ammonium 
carbonate slowly crystallizes from a soln. c»f commercial carbonate in aq. ammonia to which 
dil. alcohol has been added in quantity just insufticiont for precipitation. The size of the 
crystals is smaller in proportion as the quantity of free ammonia predominates. If an 
excess of alcohol is added, the whole may form a mushy mass of crystals. (0) On cooling 
a soln. of ammonium carbamate in water at 30°-“35°, in a closed vessel, a little normal 
ammonium carbonate crystallizes out. (7) A soln. of ammonium carbamate in cone, 
aq. ammonia in » closed vessel at ordinaiy temp, deposits crystals of the normal carbonate 
when set aside with the vessel imperfectly closed. (8) Tho action of carbon dioxide on 
cone, aqua ammonia so as to leave tho ammonia in excess, furnishes a soln. which when 
allowed to stand in a closed vessel, deposits crystals of the normal carbonate. (9) Lar^^e 
crystals arc obtained by dissolving tho commercial carbonate in water at a gentle heat in 
a closed or nearly closed vessel, and allowing the soln. to cool and crystallize. I'he mother 
liquor is decanted on to a fresh quantity of the commercial carbonate and the processes 
of dissolution, cooling, crystallization, and decantation are repeated until the soln., a* tor 
depositing a compact crop of thin plates, furnishes tho half-acid- or sesqui -carbonate. 
The mother liquor remaining after standing one or two days will deposit large prismatic 
crystals of tho normal carbonate on standing in a closed vessel in a cool place. Instead 
of waiting for the soln. to crystallize, it can be treated with ammonia water when minute 
crystals of the required salt are deposited, 

E. Divers also prepared a little of the normal carbonate by J. Dalton’s wet method; 
and found that the distillation method also gives the normal carbonate in the form 
of long fibrous prisms which appear on the condensing smface at tho beginning of 
the distillation. Those same crystals readily change into the acid carbonate. The 
same crj'stals or the remains of their decomposition are often seen on the sides of 
bottles containing freshly prepared commercial carbonate ; similar crystals are 
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obtained by raising the temp, of a soln. of the normal carbonate contained in 
retort or flask with the neck closed sufficiently to prevent dilliision. The dr»»|,.. 
of moisture which first condense on the neck, soon form fibrous prismatic crysl.i! ; 
whose analyses agree ^vith those of the normal carbonate. These crystals are 
a true product of the distillation process since, when they are forming, the carborude 
in the retort has not reached the temp, required for the vaporization. J. E. Majsli 
and R. de J. F. Struthera prepared this salt by heating ammonium oxalate or mcK ut in 
cyanide with water in a scaled tube: HgCy2+4H20=Hg+C0+(NH4)XX);>j M. Lunn. 
by heating the ammonium tartrate to 400*^, other products were sinmltaii(j(ju.sl\ 
formed ; R. Phillips, by distilling a mixture of ammdnium chloride, potassium 
carbonate, and alcohol ; and 0. Angelucci, by the a(‘tion of acetylene on nitric 
oxide at a high temp. The same salt can be obtained by distilling gas liquor over 
calcium carbonate, for under these conditions, P. Seidler says that with the excep- 
tion of a little ammonium sulphide virtually all the ammonia is obtained in the 
form of the normal carbonate. 

The properties of normal ammonium carbonate. — Monohydrated anmiunium 
carbonate forms elongated plates or flattened prisms, which smell of ammonia, and 
is presumably a j)roduct of the decomposition of the normal carbonate ; the pungent 
taste also affects the tongue as a caustic. The crystals were analyzed by J. Dalt-un, 
who found the composition to be very nearly that required for (NlD.^C'O^.floU, 
the products of all the different methods of preparation indicated by E. Jfivers 
have the same composition. E. Divers found that when exposed to air, the crystals 
become moist and opaque, lose ammonia and water, and form ammonium hydro- 
carbonate : (NH4)«C0j).H20==.’’.NH4HC03-'hH204-NH;5. I’he salt thus becomes 

wet in a stoppered bottle. The salt decomposes at 58^, forming water, amimmia, 
and carbon dioxide: (NH4)2C03.H20 — CO2 I ^H^O “I-2NH3. When heated slowly 
on a water-bath in a retort with its neck dipping under mercury, between 4^) ^ aud 
50®, drops of licjuid collect in the Jieck, and these form fibrous (uystals of the normal 
carbonate, (NH4)2C03.Il20, as indicated above; no marked change occurs until, 
between 58® and GO®, when a moist solid distillate is formed, and the contents of the 
retort gradually liquefy. The proportion of N.H4 : (A)^ in both the residual 
liquid and the distillate is tliat required for the normal carbonate, but the distillate 
has too little water for the normal carbonate, the residue in the retort gives crystals 
of the normal carbonate. When the normal carbonate is distilled slowly enough, 
E. Divers found that the products are ammonium car})amato and water, but when 
distilled faster, then the whole of the products of distillation can condense in tlie 
receiver, only partial condensation occurs in sucli a way that the commercial 
carbonate, (C02)2H20(NH3)3, is formed: 2{(NH4)2C03.n20j ^(C02)2n20(NH3)3 
+3H20d-NH3. r. A. Favre and C. A. Valson ® give 1G’94G Cals, for the heat of 
formation : 2NIl3toiii.+C02gas -(NH4)2C03rtoin. ; andM. Berthelot gives for the heat 
of decomposition 16*3 Cals, 

E. Divers found normal ammonium carbonate is soluble in rather more than its 
Own weight of water at 15®, and by cooling the soln. in a closed vessel, some of the 
original salt mixed with other carbonates crystallizes out again ; the soln. may 
exhibit supersaturation phenomena. 100 grms. of glycerol dissolve 20 grms. of 
the normal carbonate at 15°. P. A. Favre and C. A. Valson found a 10*3 c.c. increase 
in volume attended the soln. of an eq. of the salt in a litre of water ; and the sp. gr. 
of a jV-soln. to be 1 0178. E. Divers said the sat. soln. has an oily consistency. 
J. L. M. Poiseuille found the velocity of flow of a soln. 1 : 1000, at 11*2®, to be 583*8 
sec., and of a soln. 1 : 25, 602*9 sec. When the corresponding value for water is 
575*6 sec., T. Graham found that in 8*08 days at 201®, the rates of diftusion of 
1, 2, 4, and 8 per cent. soln. are respectively represented by 0*4478, 0*8845, 1*7196, 
and 3*2465 grms. The aq. soln., said E. Divers, smells strongly of ammonia, and 
if exposed to the air, it loses ammonia freely. When gradually heated, the aq. 
soln. begins to effervesce between 70® and 75®, and boils freely between 75® and 80®, 
yielding vapours which condense into a moist solid. When the soln. which has 
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been boiled is allowed to cool, it is found to be unchanged in properties, except that 
it is less cone. E. Drechsel showed that in aq. soln., the normal carbonate passes 
into the carbamate, and H. J. H. Fenton showed that a balanced reaction is involved : 
NH40.CO.ONH4^NH2.00.0NH44-H20. The change proceeds in accordance with 
the law of mass action. The degree of h3’'droly«is of the carbamate is a function of 
the cono. of water, and minimum change occurs when cqiiimolecular proportions 
of water and ammoniuju carbamate are present ; the amount of hydrolysis is less, 
the lower the tem[)., so that at a low enough temp, the degree of h3’^drol3\sis will 
be nil ; and, conversely, a low cone, of the water favours the formation of the 
carbamate. The reaction has also been studied by K. Buch, F. E. C. Scheffer, 
and J. J. K. McLeod and H. JJ. Haskins, who find that aq. soln. of the carbamate 
decompose until a state of equilibrium is established between the carbamate carbon 
dioxide and the total carbon dioxide, and the carbamate ammonia and the total 
ammonia. The etpiilibrium equations are: Nl(40.C0.NH24-H20x=^(NH4)2C03 ; 
and (NH4)2003+H20 v=^NH 40H -f NH4lI0()3. K. Buch found the relations indicated 
in Table LV, between the carbamate, hydrocarbon ate, and free ammonia, in mols 


'rABl.K 


'rotiil conceiitralion. 

CiiibaiBate. 

1 

j Hytlrocarboiuitp. 
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per litre, wliore the cone, of the ammonia is equal to that of the hydrocarbonatc. 
Jl. Wegsclieidcr has also attenipted to find the cone, of the various mol. and ionic 
species Xir3, Nir40lf, C()2, 110003, ifOO;/, (X)3'\ Oil', IV, with undissociated 
water and salt. The solubility of certain carbonates in aq. soln. of ammonium 
carbonate ma}^ be due to the formation of complex carbonate ions, or complex 
ammino cations, to tin* transformation of carbonate into hydrocarbonate ions, or 
to the solvent action of hydroxyl ions. E. Terres and H. Weisc^r measured the 
partial press, of aq. soln. of ammonia and <‘arbou dioxide between 20^^ and 80^. 
H. Kappeh‘r investigat(*d the eh'.ctrolysis of soln. of ammonium carbonate, 

E. DivtTs nutoil that the addition of cone. a(|ua ammonia or the passage of 
ammonia gas, Y)recipitatcs normal ammoniiun carbonate unchanged from its aq. 
soln. Ammonium carl)onate, indeed, is but sparingly soluble in aqua ammonia at 
low temp., the amount dissolved increases as the temp, rises. When crystals of 
ammonium carbonate are digested for two to three days witli water sat. with 
ammonia, between 20*^ and 25^, the}'' dissolve ‘Mn apparently unlimited quantity, 
and Jire changed into amiiKUiium carbamate" : (NIf4)2C03.H20 - 2H20-1-C02(NH3)2. 
No urea is formed. The presence of ammonia therefore hinders tlio conversion of 
carbamate to carbonate, and favours tlie conversion of carbonate to carbamate ; 
similarly, a high cone, of water mols. favours the hydrolytic conversion of car])amate 
to carbonate. J. J. K. ]\IcLeod and H. D. Haskins found that a soln. of ammonium 
carbamate in ice-cold water depresses the f.[). of water less than does the same soln. 
after standing a few minutes at room or body temp. This is accounted for by 
the conversion of carbamate (two ions) into ammonium carbonate (tlueo ions). 

M. Traube noted that hydrogen peroxide is formed during the slow oxidation 
of copper in the }>rescnce of ammonium carbonate. H. J. H. Fenton observed 
that when ammoTiium carbonate is treated with metallic sodium, cyanamide, 
Cy.NH2, is formed by the loss of three mols. of water : 2(NH4)2C03+/lNa2— 6NaOH 
+3H2+2CyNH2. .H. Helbriick investigated the action of Yiotassium on the salt. 

VOL. 11. K 
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J- S. Muspratt, H. Rose, and H. Bley studied the action of ammonium carbonr.t- 
on soln. of aluminium salts; C. Struckmann, on the alkali silicates; A. MiilNi 
and P. P. Fedotieff, on potassium chloride in the presence of carbon dioxid(i ; ati.j 
P. Kasanetzky, on hydrogen peroxide whereby a percarbonate is formed. B. (Tcr.lrs 
obtained platinum bases during the electrolysis of soln. of ammonium carboiuti; 
with platinum electrodes, and in the electrolysis of soln. of the normal carb()nat<\ 
F. Fichter and H. Kapeller found that ammonium nitrate and oxygen a])jjcar at 
the anode- -no nitrite nor urea, CO(NH2)2, was detected. E. A. \Verner and ro- 
workers, T. B. Johnson, A, J. Hill and B. H. Bailey, A. Claus, J. Waddell, F. A. (hi- 
fillan, and ( 1 . Inghilleri have studied the action of ammonium carbonate on carbon 
disulphide and obtained ammonium dithiocarbamate, NH2CS.8.NH4, at ; 

ammonium thiocyanate, NH4SCy, at 120 '^-' 130 ° ; and thiourea, CS(NIl2)2, 
160^ 

E. Divers compared the action of ammonium carbonate and carbamate, and 
sodium carbonate on calcium chloride soln. When a dil. soln. of amnioniinn 
carbonate is added to an ammoniacal soln. of calcium chloride, with constant 
agitation, the gelatinous precipitate first formed redissolves, and when the soln. 
is allowed to stand, the precipitate gradually re-forms ; with a larger proportion 
of ammonium carbonate, some of the precipitate first formed is permanent, and it 
is days before precipitation is so far complete that the supernatant liquor givt^s no 
further precipitate on }>oiling. The presence of ammonia also retards the ]H'e 
cipitation of calcium carbonate in like manner when sodium carbonate is substituted 
for ammoniii)]! carbonate. E. Divers also says that normal ammonium carbonate 
appears to act on glass }>ottles and flasks in which tlie solid is stored for some tin^e, 
for the transparency of the surface is destroyed ; the a(*tion was not obstu ved with 
soln. of tlic salt. W. Kowalewsky and M. Markevvicz studied the physiological 
action of ammonium carbonate ; A. Bossing used the salt in water analyses. 

Ammonium sesguicarbonate, or half-acid-carbonate, (NH,i)4Jl2(CO;3);{.fLO, 
or 2NH4HCO:3.(NH4)2CO;3 .H*iO. — JJ. Rose® first definitely prej^ared this salt in 
1839 , by distilling the comniercial carbonate at a gentle heat in a retort with its 
mouth joined to a tube dip])ing under mercury, and arresting the o[)cration as soon 
as the remaining contents of the retort had entirely liquefied. CVystals of the salt 
in question were obtained when the molten mass was allowed to crystallize. E. J)ivers 
heated to 60 ^^ in a retort the commercial carbonate just covered with water ; when 
all was dissolved, the soln. was cooled, and a crop of crystals of the so8quicarl)onate 
mixed with tlie liydrocarbonatc was obtained. L. Hiinefeld probably obtained 
crystals f)f this same salt, three years earlier than H. Rose, on cooling the aq. alcohol 
from which he had distilled some commercial (arbonate, since the rhombic plates 
he obtained corresj)ond with the rhombic plates of tlie sesquicarbonatc which 
can he obtained by this very process. H. St. C. Deville in his paper : Sur la form’ 
ei la conipoaifion Jes carbonates ammoniacaux^ described the crystalline form of this 
salt which he y)repared by dissolving the commercial carbonate at 30 ' in cone, 
aqua ammonia diluted with enough water to prevent its boiling at 30 °, and setting 
a«ide the soln. to crystallize with or without tlie previous addition of alcohol. 
E. Divers has discussed the details required to ensure success ; and he showed 
that the same salt c.an be ijbtained by the distillation of ammonium inagnesiiiiri 
carbonate. I'ho liquid distillate gives crystals of the sesquicarbonatc, and the 
more remote parts of tlie solid in the neck of the retort also consist of the sesqui- 
carbonate. E. Divers obtained the same salt by distilling potassium carbonate 
mixed with an eq. amount of ammonium chloride, along with aq. alcohol, according 
to the directions of the London Pharniacopceia for preparing spiritus aviinoma* 
aronmticus. The first fraction of the ilistillate deposits six-sided plates of the sesqiii 
carbonate, along with a little hydrocarbonate, but tlie distillate as a whole is a 
soln. of the normal carbonate. T. J. Pelouze and E. Fremy stated that H. Rose's 
sesquicarbonatc can lie prepared by cooling an aq. soln. of the commercial carbonate 
at about 0°. E. Divers showed that this statement is erroneous since both he, 



THE ALKALI METALS 787 

and H. St. C. Deville, obtained crystals of the hydrocarbonate under these 
conditions. 

E. Divers says that ammonium scsquicarbonatc forms “ thin elongated six- 
sided plates, or, when the plates are left to grow in the mother liquor, flattened 
rectangular prisms terminated by the faces of a rhombic octahedron/^ The 
bipyramidal crystals belong to the rhombic system, and, according to H. St. C. De- 
villo’s measurements, have the axial ratios a:h : c= 0*6635 : 1 : 0 ‘ 4585 . The solid 
has a very pungent ammoniacal taste and smell, but less so than the normal 
carbonate. The analyses of H. Rose were represented by the formula 
(NH3)4(H20)5(C02)3, or (NIf4)4H2(C03)3.2H20. This formula was adopted by 
H. St. 0 . Devillc, but E. Divers showed that Deville’s analyses agree with 
(NH4)4H2(C03)3.H20, as do E. Divers’ own analyses. Consequently, the latter is 
the result generally accepted. The sesquicarbonate, like the normal carbonate, 
changed into the hydrocarbonate on exposure to air : (NH4)4H2{C03)3.H20— HgO 
+NH3+3(NH4)HC03. The difficulty of preventing this change explains the doubt 
respecting the accuracy of H. Rose s analyses. The apparent moisture of the 
exposed crystals is not due to the absorption of moistme froi^i the air, but rather 
to the decomposition of the salt which is moistened with the product of its own de- 
composition from the crystals. The (jrystals melt when heated and are decomposed 
— a little water and three volumes of carbon dioxide with four of ammonia are first 
formed, then some more water and carbon dioxide are given off until what is virtually 
the normal carbonate remains m the retort. When the sesquicarbonate is distilled 
faster than the products can condense in the receiver, the commercial carbonate, 
(C02)2H20(N.U3)3, is formed: 3(Nll4)4ll2(CO3)2.H20==4(C02)2H20(NH3)3+8H20 
+CO2. At 15 ^, 100 f)art8 of water dissolve rather less than 20 parts of the salt ; if 
less water than this is used, the soln. becomes sat. and slowly decomposes the undis- 
solved salt, leaving behind the hydrocarbonate. A soln. sat. at 20 "^ evolves sufficient 
carbon dioxide to lift the sto])per from the containing bottle, and when the soln. is 
heated it effervesces copiously. When the sat. soln. is cooled, it furnishes crystals 
of the hydrocarbonato. sesquicarbonate is also decomposed by alcohol, and a 

residue hydrocarbonate is left undissolvcd. Jn summing up the properties of the 
sesquicarbonate, E. Divers says that it seems to be intermediate in its chemical 
properties, as it is in composition to tlie normal- and hydrocarbonates. Ammo- 
nium sesquicarbonate acts on glass bottles like the nornial carbonate does. 

Ammonium bydrocarbonate, or ammonium acid carbonate, NH4HCO3. — In 
1806 , C. L. Berthollet ’ gave a clear account of the properties of the crystals of 
ammonium hydrocarbonate, acid carbonate, or bicarbonate, which he prepared 
by saturating a soln. of the sesquicarbonate with carbon dioxide. J. C. C. Schrader 
also prepared the same salt in a similar manner in 1803 . J, Dalton ( 1813 ) also 
prepared this salt by exposing the commercial carbonate to the air, and he correctly 
analysed the product which he isolated. According to E. Divers, ammonium 
hydrocarbonate can bo obtained : (1) by exposing the commercial carbonate, 

sesquicarbonate, normal carbonate, or carbamate to air ; (2) by heating the com- 
mercial carbonate or sesquicarbonate with insuflicient water to dissolve it — the 
normal carbonate under similar conditions also gives a little hydrocarbonate 
(J. Davy, H. Rose, H. Vogler) : ( 3 ) by treating the commercial carbonate, sesqui- 
carbonate, or normal carbonate with aq. alcohol (H. Rose, H. St. C. Doville) ; f 4 ) by 
cooling a sufficiently cone. aq. soln. of the commercial carbonate or sesquicarbonate 
(H. Rose H, St. C. Deville) ; (b) by adding alcohol to an aq. soln. of the commercial 
carbonate the sesquicarbonate, or the normal carbonate (J. Davy, N. W. Fischer, 
H, St. C. Deville) ; (6) by treating an aq. soln. of the commercial carbonate, sesqui- 
carbonate, or normal carbonate with carbon dioxide (J. Davy, P. Seidlcr, C. L. Ber- 
thollet, J. C. C. Schrader, H. St. C. Deville) ; and ( 7 ) by mixing together carbon 
dioxide, ammonia, and water vapour in equi-molecular proportions (T. Thomson) ; 
this process was patented by W. Gossage in 1854 . A like result is obtained if an 
excess of carbon dioxide is used when the hydrocarbonate is probably the product 
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of the action of carbon dioxide and water on the ammonium carbonate first foi nK n 
The following is E. Divers’ modification of T. Thomson’s jnocess : 


Some acid ammoiiinm carbonate in ci’ystals, cnished small, and dried by exposure tc 
the open air, or, bettor still, over sulphuric acid, is passed into a dry retort with u suflioit iUK 
long nock, or with its neck prolonged by a glass tube, whicli is better, "Fho retort is pUu ^ <{ 
in a water-bath, with its mouth or the open end of the tube prolonging the> neck, as 
case may bo, dipping under mercury. The water-bath is then brought to the temp, of 
02^, and not allowed to pass this. After a while no gas or air escapes llirough the 
mercury, if tJjo heat be properly regulated; so that this fact serves, as well as the heigip 
of tliothormonieter. to indicate when the heat is getting too higli. Jf the temi). b(‘allo\v('d 
to fall too much, the inorcuiy rises in the tube. At first, liquid drops form on the nffk 
of the vf^tort, which gradually solidify into needle-liko crystals. These again lose, muri' 
or less, their transparency ; and then the process of formation of the dcjiosit (‘an no haigcr 
be followed. The hydrofiarbonate forma in bulk at a distance, of about KJ to 20 cm. along 
1 he neck from the body of the ret ort. The operation is a V'ciy slow" one. When it is arrested 
(ho nc'ck of the retort is cut olf and brokem iip, the product cliipped off from the fragments, 
and its puritj" ascertained by leaving it exposed for a lime in dry air, w hen, if pure, il will 
rf^taiii the translucency it possesses, 'flie outermost layt’i* and soimi other parts of it will 
bo sure to prove impure. Tf the hydrocarbonate is more rapidly converted into vapour, 
the process fails. When successfully earri(‘d on, if tin' proc(‘ss arrestcxl at any lime, 
and the contents of the body of the x'otort examined, they w ill bo found to be dry, uncluinge«t 
hydrocarbonalc, having only an ovanosexmt odour of ammonia. In tlu* olhor ease the 
Ciontents of tho retort w'ill ho damp or w^et, and much more ammoniaeal. 

R. ScaiilaTi obtained tlie liyfltocarbonate by sul)liining tlic normal c*arl)oiiat(* 
•• -th(3 lower pait was liydrocarbonate, the np})er fiaii carbamate. 1\ I{. de 
Lambilly, and A. Neubiu’ger passed air and w^ater vapour over wliite-Iiot coke, 
and removed the carbon monoxide from the mixture N2H-3Il2+2(.^(.)24 
~2NJI,iIIC03, li. riiillips found the hydrocarl lonato is sometimes prodiut'd in 
preparing the (jarbonate on a commercial scale. 

In 1830, H. Rose claimed to have made arnnioTiium hydrocarl nmate in 
thiec different states of hyilration, namely, XH.1HCO3 ; l(Xll4)ll(’()3.1fo() ; and 
2(NH4)HC();pH20. Before this, J. Davy prepared the salt in four difTereiit ways, and 
found tho composition uniform, although II. Rosens method for 4(NJ l4)ll('()3.1l20 
was included in J. Davy’s series ; similar results were obtained by Jf. St. (\ Deville. 
K. Divtjrs also found that the crystals obtained tiy passing carbon dioxide irit(» a 
soln. of the commercial carbonate are ideiitii al in foi ni and appearance wdth those 
obtained bv pouring hot water on the (‘ommercial carlionate w^hicJi, according to 
11. Rose, sliould give 4(NH4)H(M)3.Ho(). The tliird salt, 2(Nlf4)lIC()3.Jl2D, was 
prepanxl <mly once, and in small quantity. E. Divers could not verify H, Rose's 
preparation, and therefore wrote, “ I am disjiosed to regard the existence of such a 
salt as extremely doubtful.’’ Hence, the available evidence jiistilies the conclusion 
that only one definite ammonium hydrocarbonate has Ixeen prepared, and the 
analyses of ,1. Dalton, H. Rose, J. Davy, Jf. St. (\ Deville, and K. Divers indic’ate 
tliat its formula is (NJl4)llC()3. 

The properties of ammonium hydrocarbonate. Ammonium li) drocarbonate 
occurs in the form of a powder, in transjiareiit or opah*-scent crystals, and in translu- 
cent crystalline niasses. Tlie crystals have been m(‘asured l)y }\. Rose, W. II. Miller, 
II. 8t. (’. Deville, (.^ F. Ramnielsberg, RudorJY, etc. ; they belong t-o the rhombic 
system, and have tlie axial ratios a :h : c-- 0‘b72(> : 1 : (.)‘39h"8. IT. Rose claimed to 
liave once made monoclinu", crystals of ammonium hydrocar))onate, isomorplious 
wuth the potassiuju salt, by evaporating a soln. of the normal salt in vacuo, but this 
observation has not been confirmed. In his 1852 paper, 11. 8t. (.^ Deville stated 
that he believed that he had prepared crystals of the hydrocarhonate belonging to 
a different system to the ordinary salt, but in his 1854 paper he attributed little 
weight to this observation, and stated only one hydrocarbonate exists, but siiu-e 
th('/ crystalline form of this salt is not isomorjihous with the corresponding potassium 
hydrocarbonate, he stated that ))oth these salts will prove one day to be dimorphous, 
implying that the unknowm form of the one carbonate w ill prove to be isomorplious 
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with the known form of the other. xMixed crystals of the two salts have not jet 
keen prepared. 

H. Schill ® found the sp. gr. of the crystalline salt is 1*573; and G, J. Ulex 
that of the natural crystals, 1*45 ; 6. J. Ulex gives 1*5 for the hardness. 
J. L. M. Poiseuillo gives for the speed of flow of a soln. 1 ; 100 at through 
narrow tubes as 580 0 sec. when the value for water is 575*6 sec. H. (/. Dibbits 
found tlie vap. press, of soln. sat. at 15*^, SO"", 40', and 50'' to be r(?spcctively 120, 
212, 356, and 563 mm. M. Bertlielot and G. Andre's value for the heat of soln. 
of a mol. of the salt in 25 litres of water is — -6*85 Cals., and M. Berthelot's value 
for 50 litres, -6*28 Cals. ; and for the heat of dilution of a soln. {NH 4 )HC 034 4 OII 2 O, 
with addition of 60, IGO, and360 mols. more of water, J. Thomsen found respectively 
— 176, — 288, and “-384 cals. M. Berthelot and G. Andre found for the heat 
of formation C 02 :ui+NIl 3 aM ™(NH 4 )JIC 03 in 20 litres of soln., 9*130 Cals. ; 9*5 
Cals, in 25 litres of soln. ; and 9*73 (^als. in 2 litres of soln. The heat of forma- 
tion from its elements is 205*3 Cals. A. des Gloizeaux, and V. von Lang found that 
the crystals have a negative double refraction, and tliat the indu es of refra(*tion 
arc a -1*5227 ; /3— 1*5358 ; and yr-:l-5545. 

As noticed by J. Dalton, ammonium hydrocarbonate is very slowly dissipate.d 
in moist air. According to J. Davy, it is decomposed by atm. moisture ar^d rendered 
alkaline. H. (J. Dibbits found that the dry soli<l decomposes at ordinary tem]». 
into carbon dioxide, ammonia, and w^atcr, without alteration in the composition 
of the resiilue. IT. Vogler hmnd that 1*2 grms. in a Avatch glass over sulphuric 
acid and calcium liydroxide, under a bell-jar, lost 0*9 grm, in 7 days, it gradually lost 
in weight each day until in four weeks all had vanislicd. Acc<n'ding to M. ^Vleslens. 
the volatilization is mu(‘h fasfer in moist than in dry air, and faster wdien the salt 
is moist tluui wdicn dry. According to Af. Berthelot and G. Andre, the dry salt 
has too sjnall a va]). press, for measurement in air, ammonia, or carbon dioxide 
under a press, of two-thirds of an atm. ; the presence of water va[)our also has little, 
inllnence on the vap. press, of th(‘. salt, but in the presence of lujuid water, the 
vap. ])ress. is mucli greater. The vap. ])rewss. of the dry salt after many days at 
18'' was less than I min., but in the [irescnce of a drop of water, the vap press, w^as 
8 4 mm. and, after 1 () Ins., 61 mm. w^hen it reinained constant ; with more water, 
the vap. ])ress. attained 67*8 mm., and. after 24 lirs., 122*3 mm. without reaching 
a constant value, for, after 3 days, it reached 135 mm. AVhen two vessels, one 
«;ontaining water and the other a cone. soln. of ammonium carbonate, are confined 
in an aim. of carbo)i dioxidci under a bell-jar, for about eight days, the distribution 
of ammonia and <;arbon dioxide is uniform in both vessels. 

Like the normal carbonate, wJien the hydrocarbonate is^ heated in a retort, 
a little of it is decomposed into carbon dioxide, water, and ammonia : NJ^IICO;; 
— ILO -(->JH 3 +(T) 2 , and at 49'' it yields a few drops of liquid distillate which crystal- 
lizes in needles, and the remainder undergoes no further change. Tlicse three sub- 
stances reform the hydrocarbonate and the salt remains dry. At a higher temp., the 
salt remaining in the retort becomes wet, and a moist solid no longer having the com- 
position of the hydroc.arbonat e condenses in the neck of the retort, and carbon dioxide 
escapes. While the hydrocarboiiate furnishes the same salt when the distillation is 
conducted slowly <mougli, if the salt l)e distilled faster than the whole of the products 
of distillation can condense in the receiver, commercial ammonium carbonate. 
{C 0 o) 2 H 20 (NIl 3 ) 3 , is formed : 3 (NH 4 )HC 03 -{C 02 ) 2 n 20 (NH 3 ) 2 + 2 H 20 -f CO 2 +NH 3 . 

According to C. L. Berthollet, 100 grms. of water at 15'' dissolve 12*5 grms. of 
hydrocarbonate. 11. Dibbits found the number of grams of ammonium hydro- 
carbonate in 100 grms. of sat. soln. of different temp., to be ; 

0 " 10 '* 15® 20 " 25® so® 

Grms. of salt . . 10*6 12*1 13*7 15*5 17*4 19*3 21*3 

P, P. Fedotieff has studied the effect of ammonium chloride, sodium liydrooar- 
bonate, and of sodium chloride on soln. of ammonium hydrocarbonate in connection 
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with the ammonia process for sodium carbonate— g.t?. When the aq. soln. of 
hydrocarbonate is exposed to air, it rapidly loses carbon dioxide, but, as 
by C. L. Berthollet, this loss is soon arrested. J. Davy observed that if the Ht)hi 
be placed in contact with the solid, even at low temp., the latter is decomposed 
with the evolution of bubbles of carbon dioxide. J. Dalton concluded that a sal. 
soln. of the hydrocarbonate dissolves carbon dioxide to the same extent as wator, 
and hence concluded that under these conditions no ammonium carbonate couki 
be formed containing more carbon dioxide than the hydrocarbonate. Aecordiug 
to J. Davy, however, a sat. soln. of the hydrocarbonate is a sat. soln. of carbon 
dioxide, and hence he doubted if the hydrocarbonate really exists in soln., althongli 
a sat. soln. deposits crystals of the hydrocarbonate when cooled. C. L. Berthollet 
found that when a soln. of the hydrocarbonate is heated in a retort it effervesces owing 
to the evolution of carbon dioxide ; a soln. of the normal carbonate first collects as 
distillate, and finally pure water. The hydrocarbonate is but very slightly aflec^ted 
by cold or boiling cone. aq. alcohol. After the action, the alcohol contains a little 
ammonia, and a few bubbles of carbon dioxide are probably given off. 1 he boiling 
alcohol slowly decomposes the hydrocarbonate into carbon dioxide, watijr, and 
ammonia. Dry crystals of the hydrocarbonate are not affected by ammoTiia gas 
either at 0® or at ordinary temp. According to E. Divers, when the powdered salt 
and a C/Onc. soln. of ammonia are mixed together there is a liissing noise, the mixture 
becomes warm, but very little salt dissolves ; it is possible that ammonium carbamate, 
(NH3)2C02. along with some normal carbonate is formed: 2NH4HCO3+2NJI3 
s=(NH4)2(X)3.H20d~C02(NH3).2. When the hydrocarbonate is digested with the 
cone, aqua ammonia in a closed vr^ssel .at 20 -25^, considerable quantities of the 
carbamate are slowly formed; (NH4)HC03 4 Probably 

in the first stage of the reaction, normal carbonate and carbamate arc formed, and 
the former then changes to water and carbamate. 

H, Rose said that when an a({. soln. of commercial ammonium carbonate is 
ova])orated over sulphuric acid under reduced press., small crystals arc ol)tained 
which must be immediately withdrawn from the influence of the sulphuric acid, 
otherwise they effloresce and pass into the hydrocarbonate. If the ebullitit)n of 
the soln. be not prevented during the evaporation, crystals of the hydrocarl )oi\ate 
are also obtained, H. Rose also obtained the ordinary hydrocarbonate by using 
calcium chloride in place of sulphuric acid. If the ordinary commercial carbonate 
be evaporated over sulphuric acid, but nut under reduced press., the whole decom- 
poses and nothing remains. ^J’he salt is very unstable and success in the pre})ara- 
tion of the salt depends on a careful adjustment of the cone, of the soln., and the 
speed of evaporation. Analyses agree with the formula (Nir3)8(H20)9((X)o)o, or 
(NH3)8(Il20)8(0(>2)9.H20 ; but although E. Divers failed to make the salt, he thinks 
H. Rose was successful, and prefers (NH3)4( 1120)9(000)5, /.c. 4(NH4)HC03.002.-^^H20, 
on the assumption that the salt whicli H. Rose analysed was contaminated with 
hydrocarbonate, and in order to fit JI. Rose's liyperearbonate with a series of 
ammonium carbonates which he supposes can be obtained by crystallization from 
aq. soln. — ^normal, sesqui-, hydro-, and perhydro-earbonate. 
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§ 34. Carbamic Acid and the Carbamates 


In J. L. Gay Lussac's ^ researches on the proportion by volume in whic,h aiumom.i 
combines with carbon dioxide, it was found that the dry gases unite in the \)\i, 
portions by volume NIL^ : ('02™2 : 1, forjuing a white solid which condenses paiflv 
us flocculi, and partly us an incrustation on the walls of the vessel in which it Is 
formed. Heat is evolved during the reaction. *r. Davy says that the gases coinbiiK' 
in the same ratio whatever bo their ])ro])ortions in th(^ mixture. In prepurinL^ 
the solid by this process, a mixture of carbon dioxhhi with twice its vo!uin<‘ of 
ammonia is ]>assed through a number of glass tubes cooled to a very low temp. 
The solid collects as a sublimate in the tubes which are afterwards cut to pieces, 
to recover the solid. R. E. Hughes and K. Soddy found that if the two gases be. 
very tborouglily dried, not the faintest sign of the formation of ammonium carl)ama1 o 
occurs after the gases have stood in contact for 24 hrs. K. Bucli found that by 
mixing dry Ihpiid ujiimonia and solid carbon dioxide in vaiaio, the ])rodiicf lias 
never the exact stbchiometrical com])osition, for there is always a small exet'ss 
eitlier absorbed ammonia or carbon dioxide. F. E. 0. Schefter found tliat a tnbf^ 
containing ammonia with a great excess of carbon dioxide showed a rapid vanishing 
of the meniscus at 31 in })resenco of the solid carf)amate, and oJi th(' carbon dioxide 
side there was a critical end point, and on theammonia side, a separationat al)out 120'^ 
The product was forjnerly regarded as the anh3’dr()us normal ammonium 
carbonate, hut with the dovi^lopiuent of J. J. Berzelius' ammonium Mieong it 
was recognized that the ])roduet of this reaction is an altogiither dihVwtnd. comp(nni<l 
and to it the name ammonium carbamate was applied. It was found that 
this coinpouiul is a salt of the moiiamide of metacarbonic acid, to whi(‘h the nuTue 
carbamic acid, NHo.CO.OIl, was a|)))Ii(id, The monobasic acid has not bt*mi 
isolated in tlie free state, but both ethereal and inorganic salts are known — vjf. 
urethane or ethyl carbamate, NH^.GO.OC 2H5 ; carl>amic chloride, NJl.j.CU.ri ; 
etc. Ammonium carbamate. NHo.fH).()XJr4, is related to metacarbonic iuid 
carbamic acids as illustrated graphically in the following scdieme : 


HO 

HO 






MetaciirbiJijic acid. 


HO 


>(J-=0 


NH2 
Carbamic acid. 


NH2 


o 


Ammonium enrbamatc. 


The reactions involved in the preparation (»f ammonium carbamate are esseniiall}^ 
cither the muon of carl)on dioxide and ammonia, or the dch^^dration of ariimoniuni 
carbonate. A. Basaroff prepared ammonium carbamate ])\' ]>assing the mixture 
of dried ammonia and carbon dioxide gases into W(‘ll-(;ool(^d a])soliito alcoliol. A 
copious crystalline precipitate is formed. This is separated by filtration from the 
mass of liquid, and heated with al)solute. alcohol in a Inumel ically sealed vessel 
to when tlie liquid oti cooling deposits the salt in lanumo. These are 

pressed between filter })aper, and dried over jKjtassium h)'droxid(?. A. Monte sa\"s 
the process furnishes a liigldy pure pn)duct, but the (‘ost is high. When the cryslals 
are ])ow(lerod, they attract moisture, from the air, and if the mass is tlieri dried over 
sulphuric acid or }>otassium hydroxxide, the composition of the j)ruduct is not quite 
the same as licfore. 

E. Divers made the salt (1) by j)assiug a juixture of the two gases into cone, 
aqua ammonia, when the carbamate separates in crystals. The details reseml>le 
those em2>loved in A. Basaroff\s j>roccss, except that com*, aqua ammonia is used 
in place of alcohol. E. Divers also prepared the salt (2) by digesting in a closed 
vessel aq. ammonia sat. at a low temp, with any of the ammonium carbonates at 
20°-25^^ for 36-48 brs., when the carbamate either crystallizes out at once, or will 
do so after adding more (carbonate, repeating the digestion, and again cooling. 
The commercial carbonate gives tlie best yield. E. Divers obtained the 
carbamate (3) by heating commercial carbonate mixed with a sufficient quantity 



THE ALKALI METALS 


793 


of anhydrous potassium carbonate in a retort immersed in a water-bath at 
a temp, carried slowly from 50 '^ to 80 "^, and connecting the neck of the retort 
with a wide tube dipping under nuircury. The neck of the retort soon becomes 
incrusted with a translucent crystalline mass of the carbamate. Tliere is a 
slightly less yield if finely powdered anhydrous calcium chloride be substituted 
for potassium carbonate when much carbon dio^dde esca]>es at about and the 
incrustation begins to form at about 52 "^, and continm\s to do so as the temp, rises 
slowly to 65 ^* when the process will be completed. Vrom li to 3 times as much 
calcium chloride as carbonate is used, and a layer of tlie powdered chloride should be 
spread over the mixture. The (^arbamate can be purified by redistillation from 
fresh calcium chloride. The (larba^nate can indeed be obtained by distilling the 
commercial carbonate very slowly, at a heat not exceeding ()()■', the more remote 
part of the incrustation is impure carbamate. E. Divers h)iind that (1) by distilling 
commercial carbonate with aq., or perliaps bettor, absi)!ato alcohol, ammonium, 
carbamate is formed ; and he obtained ( 5 ) a soln. of the (larbamate by repeatedly 
dissolving the commercial carbonate in the same quantity of wate.r and cooling 
after each addition so as to remo\a^ the normal ammonium carbonate, 'fhe soln. 
is then nearly sat. with ammonia gas, and when tlie ammonium carbonate has been 
reiuosred a soln, of the carbamate contaminated with a little carbonate is formed. 
11 . Kose, and E. Div^ers made ammonium carl>amate by distilling amnu)nium 
(‘hloride or sulphate with dry potassium, sodium, or calcium chloride. H. Dose 
prepared ammonium carbamate l)y sublimation from an intimate mixture of 
ammonium ainido-sulphite, NH2.S()3.NH4, and anhydrous sodium carbonate in 
sucli a way that no moisture had access to the vessel. Tlie salt is obtained as an 
iiicj'ustatioii on the walls of the condensing vessel. The reaction here involves 
the formation of ammonia and carbon dioxide: NH2.8O3.NH.14 N’aoCO;3— Na2S04 
4‘2NH3+C02, a reaction wliich can be compared with that between the amido- 
sulpliate and sodium hydroxide : NH2.803NIij |-Na0n““NaH»S()4 j ^Nlly. The 
mixed gases on cooling form the car))i»mate. T. Peters obtained tliis compound 
by heating ethyl ac(ito-a(H?tato with water-free alcoholic ammonia to ISO'*' in a 
tube, or by the action of ammonia gas. 

Ainmoniuni carbamate forms transparent ciystalline plates lielonging ])ossibly 
to the rhombic, system ; it also occurs in amorphous white Hocculi, and in crystalline 
masses. Analyses of the dried product by H. Hose, E. Divers, and A. Jiasaroff 
corres[)ond closely with the requirements for POwfNHo)^. The carbamate lias a 
strong amnioniacal smell not equal to that of normal ammonium carbonate or 
sesquicarbonate. I'he taste also is less caTistic than that of normal ammonium 
carbonate. When freel}' <^xj)os(Ml to air, ammonium carbamate gradually deliquesces, 
and by a prolonged exposure, it is nearly all dissi])atcd ; the residue is a kind of 
skeleton of the oriirinal fragment, and it is the hydrocarhonate : NH40.C().NH2 
4-1120— (NH4)H(!03 f Nil;}. The deliquescence of the carbamate, said E. Divers, 
“ is an interesting fact not only as affording evidence that the (*arl>amate lias only 
a slowly Jrianifested allinity for water, but also as distinguishing between the mere 
physical attraction of a body for water and its chemical tran.sformation with water 
into a new substance.*’ F. W. Haabe’s value for the heat of formation or dissocia- 
tion between 7 " and 11 ^ and 705 mm. press, is ((JOo/iNH}) 39*3 Cals. ; E. Lecher 
gives 37*7 Cals, per mol. of carbon dioxide witli two of ammonia, at 17 " and 
710 mm. 

Unlike the carboiiatcj^, ammonium carbamate docs not fuse when heated, but, 
as was observed by .T. Davy, it is converted into a gas at 00'^. F. E. (’. Scliofl’er 
was una])le to establish a definite relation between the pres.s. and the sublimation 
temp, for ammonium carbamate since the results were very irregular and depeiideut 
upon a variety of circumstancjes — rate of rise of temp., ettt. The hypothesis 
suggested by W. D. Bancroft, and by V. van Hossem is that the observed re.sults 
are produced by tlie superposition of two phenomena dependent on : (i) the speed 
of vaporization, and (ii) the speed of dissociation. J. fl. van’t Hofl half filled a 
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thick-walled glass tube about 10 cm. long with the salt, and after removing tho aij\ 
sealed up the tube. The tube was then heated ; the salt melted at about 1 40 , ajui 
the vapoiu* continuously increased at the cost of liquid. I'he tube burst before t hr 
liquid had all passed to the vapour phase. He therefore failed to observe a “ critical! 
point analogous to the physical phenomenon of evaporation ; but he did o])tiiiri 
a successful result with a mixture of hydrogen phosphide and chloride. Accordion 
to E. Briner, the m.p. under press. 152"^ is a trij)le point. According to A. Basaroff, 
when heated in a sealed tube between 120*" and 140*", ammonium carbamate passes 
into urea : NH 4 O.CO.NH 2 — C 0 (NH 2 ) 2 +H 20 . When ammonium carbamate is 
converted into gas or vapour at any temp., it appears to be decomposed into its 
com})oncnts carbon dioxide and ammonia. The odour of ammonia which it emits 
at ordinary temp, is evidence of this unless it bo assumed that the compound smells 
exactly like ammonia. The vapour density calculated from the mixture of two 
volumes of ammonia with one (d carbon dioxide is 0*8993, and for NH 4 .CO 0 .NH 2 , 
1*349 ; A. Bineau found 0*V)() ; H. Rose, 0*8992 ; and A. Naumann, between 37 ' 
and 1 () 0 "‘, 0*892, A. Bineau also showed that the same result is obtained at ordinary 
temp, as at distilling temp. A. Bineau also noticicd that tho gaseous product 
obtained by heating the salt remains gaseous at a temp, lower than that at which 
it is formed. A. Naumann’s values for the vap. press., p, of the salt soln. at dilTerent 
temp. : 

— O'’ 10'^ 30® 40® 50® 60® 

mrn. . . .2*6 4*8 12*4 20*8 62*4 124 248 470 770 

The curve for the dissociation press, rises steadily with a rise of temp, and corre- 
sponds exactly with the vajj. press, curves of li(|uids and solids. Thcvse re.sults 
agree with the values obtained by G. Erckmann, and F. LsaJiibert ; the latter also 
measured the effect of an excess of each of the [)roducts of dissociation — ammonia 
and of <;arbon dioxide. R. Engel and A. Moitessier claim to have established tJn^ 
relation tliat when two gaseous bodies on combining give a dissociable compound, 
the combination takes place only when the sum of tJie press, of the components is 
greater than the pres.s. of dissociation of the (compound, whatever may be the picss. 
possessed by cacJi of the bodies. Accordingly, if a dissociable body is placed in the 
presence of one of the substances produced by its dissociation, at a pi’ess. equal 
to or greater than the press, of dissociation at "the temp, of the experiment, or if a 
mixture ui any proportion of the components is present (provided the sum of their 
press, is equal to the press, of dissociation), tho dissociation of the body cannot 
take place. This rule, says F. Isambert, can be more neatly ex])ressed ; Jf the 
press, of a gas is less than the maximum juess. in a vacuum, the total press, will 
be at this maximum, and, conversely, the value will remain the same as that of 
the free gas ; and F. Isam}>ert adds that the rule is not true. In the case of ammo- 
nium carbamate, the total press, in the presence of an excess of one of the component 
gases is always greater than the maxiniurn press, in vacuo ; and therefore a com- 
pound may dissociate in presence of one of its products of dissociation at a press, 
equal to or greater than the dis 80 ciatif)n press. Matignon and M. Frejacquc'S 
represented A. Naumann’s dissociation press, between -15*" and 60*" by log 7 ^ 
r==~-3*63r>r-i--^7 045logT+28-692 ; and log 4-8217^1 -15*4 log T+5‘3*3586 ; 
and hence he calculated the heat of dissociation of ammonium carbonate, at constant 
press., to be —39 cals. 

A. Naumann observed that the velocity of the dissociation of the solid and the 
recombination of the vapour is increased by increasing the surface area of the solid ; 
these velocities are proportionally smaller the nearer the observed press, is to the 
equilibrium value ; and the velocity of dissociation is greater tho higher the temp. 
A. Horstmann has shown that the law of mass action describes the relation between 
the partial press, of ammonia and carbon dioxide, and that the dissociation press, 
is not perceptibly influenced by the presence of an indifferent gas — e.g, air — while 
the dissociation press, in the presence of one of the products of dissociation is 
smaller than in vacuo. In general, the total press, of the gases uniting to form a 
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solid and in equilibrium with that solid is least when the gases are in the same 
proportion as they exist in the solid phase. 

From the equation NH4().C0.NH2^2NH3+C02, and the mass law, and 
remembering that the. carbamate is a solid, 2^ —constant, when Ci and 
respectively denote the cone, of the carbon dioxide and ammonia, and the solid 
phase is present. By Boyle's law, the press, of a gas is proportional to its mass 
cone., so that if denotes the partial press, of the carbon dioxide, and p 2 ^hat of 
the ammonia, where K is the dissociation constant. E. Briner found the 

value of K at 77 '2° to be nearly 1*5 ; and at 98*5°, K— 39*5, with these data the 
heat of dissociation (assumed independent of temp.) can be readily calculated 
from the welbknown exprevssion (d log K)jdT^-~qjRT^. If P be the total press., 
P— Pi ^rPz \ and consequently, by substitution for it follows that 
an expression which has a minimum value when i,e. when Com 

sequently, if either of the products of dissociation be in excess of these proportions, 
the total press, will be increased in vacuo. 

According to E. Divers, KM) parts of water dissolve about 60*7 grms. of the salt, 
and the temp, is depressed during the process of soln. It dissolves without change 
as ammonium carl)amate, but soon combines with water and a definite state of 
equilibrium is established between the carbamate and carbonate : NH4O.CO.NH2 
+H20^(NIL)2C03, as indicated by the work of H. J. H. Fenton, F. E. C. Scheffer, 
K* Buch, B. Becker, A. C. Gumming, J. Natanson, L. Bourgeois, F. Fichter, and 

J. J. K. McLeod and H. D. Haskins in connection with the right member of this 
equation — q.th The degree of hydration of the carbamate was found by K. Buch 
to increase with the dilution : 

Carbamate : Water . . . 1 : 200 I ; 300 J : 400 1 : 500 

Degree of hydration . . 0*749 0*796 0*845 0*966 

K. Buch nieasuied the partial press, of ammonia and carbon dioxide in mixtures 
of ammonium carbonate and carbamate, and from the results calculated the cone, 
of the free and bound ammonia and higher carbonate, and of the carbamate and 
carbonic acid. The hydrolysis and equilibrium constants were then calctilated, 
I'he hydrolysis constants and ; and the equilibrium constant of the 
hydrocarbonate to carbamate, were : 

Pmi.Pcjy, . __ PNHa^^COa NH3HCO.3' 

^ rNH’4l[H<~W^ 2 fNH ^INHgCOO'] ’ ^^^rNHaCOO'] 

where Kj— 37 to 69 ; 7^2— 39—84 X 10^ ; and /I3— 0 42 to 1*68. It was assumed 
that ionization was complete, but this is not strictly valid for the cone. soln. 
employed. 

J. Davy found ammonium carbamate to be soluble in alcohol of sp. gr, 0‘829 ; 
and A. Basaroff found that it dissolves when heated with absolute alcohol in a 
sealed tube, and it crystallizes out again when the soln. cools. E, Divers also found 
that ammonium carbamate dissolves freely in aqua ammonia, and the system is 
cooled ; 100 parts of aqua ammonia dissolve 50 parts of the salt, and the soln. 
on standing furnishes crystals of normal ammonium carbonate ; but if the freshly 
prepared soln. be cooled to 0®, crystals of the carbamate are obtained, consequently 
ammonia retards the hydrolysis of the carbamate. 

According to H. Rose, dry chlorine attacks ammonium carbamate very slowly 
without the liberation of water ; ammonium carbamate is not perceptibly affected 
by dry hydrogeii chloride in the cold ; but if warmed, it is decomposed by the 
gas without the liberation of water, forming ammonium chloride and carbon dioxide. 
Aq. acids liberate carbon dioxide, alkali-lye gives ammonia when heated with 
hydrogen sulphide, no water is produced, but ammonium sulphide, (NH4)2S, is 
formed with sulphur dioxide ; in the cold, it is coloured pale yellow, and, when 
heated, an orange-yellow sublimate of (NH4)S204(NH2) ; according to A. Mente, 
the vapour of sulphur trioxide furnishes without effervescence, carbon dioxide. 
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and ammonium ^iilphatc ; ehlorosiilphonic acid, HSO3CI, sulpliuryl chloride 
SO2CI0, or pjTosulphuryl chloride, S2O5CI0, furnishes ammoniuru imidosulplionalc : 
and it reacts with phosj^horyl chloride, POCla, at 1(X)% forming didmido j)hospli()iir 
acid. According to H. J. H. Fenton, with sodium, it furnishes cvanainirje 
NH 4 {).CO.NHo+ 2 Na^- 2 NaOH+CyNll 24 -H 2 , as in the analogous Vasi‘ with 
urea, and with normal ammonium carlxmate. 11 . J. H. Fenton also found thm 
it is rajhdly attacked by hy])ochlorites or hypobromites. With Ijyprx’hloritos, onK 
half the total nitrogen is evolved as a gas. Similar results were (ibtained with 
chlorites and bromites. If sulphur dioxide be added to the soln. treated uith 
sodium hypochlorite, ammonia is formed. If boiled with an excess of ammonia 
and calciinn chloride, calcium carbonate is formed. A. Mente noted that with 
acid chlorides, if the temp, be kept below’ the dissociation of the carbamate, the 
Nlli-radicle unites with chlorine to form ammonium chloride ; the NHg-radicle 
takes the place of the chlorine atom in the acid chloride and carhon dioxide is 
evolved; for example: (^II^CO.CJ f NJLCI.fUI.NJL f Cn3.C().NIf^^ ViU 

The carbamate sometimes acts like ammonia gas and an imide is formed. H. Kolbe 
found that when heated wdth zinc ethyl, Zn(( '2115)2' ammonium carhamate gives 
no sign of propionic acid or prupion-amidc. E. l)iveis adds tliat a juixture of 
the carl)amate with anliydrous calcium chloride can be distilled without anv sign 
of chemical change. 

If ammonium carbamate bo treated with less than its c(|. of calcium chloride, 
it soon gives a preei])itate, and the filtered soln. gives no further precipitalioii wlien 
heated. Idle reaction is the satne as when ealcium chloride is ad<h‘d in excess. 
An aiiimoniaeal soln. of calcium chloride gives an instantaiieous but sliglit precipi- 
tate wdien treated with an excess of a soln, of aiujiioniuni carbamate. The pre- 
cipitate increases slowly on standing, and next day, when )K)iled, tlui suj)ernal}uit 
Ii<]Uor gives a cojiiuus preci[)itate.. The innuc-diate precijiitatiou is presiinuihlN 
due to the j)reseiH'e of animonium <*ar])onate, and the sul)sec|uent ])recipH,vtion is 
due to the slow conversion of carbonate to earbamate in tlie ])resence of free ammonia. 
JleiK^e, an amrnoniacal soln. of calcium chloride gives an immediate jirecipitation 
with an excess of amimmium carbonate and a very slow 2>recipitation wdth an 
excess of the carbamate. 

A very cone, amrnoniacal soln. of ammonium carbamate witli a sat. soln. of 
ealciuiu chloride gives a precipitate wliich is soluble in w^ater and which has a 
composition indicating that it is either (C()2Nil2)2^-a, calcium carbamate, or 
calcium ammonio<‘arbonate, E. J)ivcrs inclines to tlie belie! 

that the precipitate is really calcium carbamate - presumably - 

possibly HO.CaO.CO.N ff2. E. .T)r<‘chsel prepared calcium carbamate as a- line 
white powder consisting of small fiat prisms by crystallization from a sat. soln. in 
warm acp a»nmonia : (NH2f 112^ b The a(j. soln. is unstable, and it is 
decomposed by its own water of crystallization, so that when freshly prcpai(‘d it 
has no simdl, but it soon acquires an ammoniacal smell. At 95''- it is partiallv 
decomposed into a mixture of carbonate* and carbamate : 2 [ (NH2.('Oo)2(^a..\H2f) 1 
— NH.CO.NIl4-f"C^u(H)3 I (NH2(X)2)2Ga ; and at the softening point of glass: 
(NH2.C02)2 L^x (ViriV2-t-^H2() 4 (X >2 ; some cyanide, is also formed. Minutt* 

shining plates of strontium carbamate, (N ll2'fX)2)2Sr, W(Te also made by E. .Drechsel 
and found to be more st}i])le than the calcium salt. K. Divers obtained a 
precipitate barium carbamate —by mixing a barium salt, and a soln. of ammonium 
earbamate. K. Dreehsel only succeeded in making barium chloro-carbamate, 
J3a0l2-Ri^(NH2.f!O2)2 ; did he sm^ceed in making lithium carbamate, but 
iimi prisnus of hydrated sodium carbamate, NaO.OO.Nlfv, were obtained which 
efHoresce in air, and become anhydrous over sulpluiric a(ud. When the anhvdrous 
salt is heated, it decomposes: Nir200.0Na---HXJ |-NaN : CO; and the hydrated 
salt : 2(NH2.C0.0Na)+wH20 --(7i---l)lI.2()+Na2(X)3^-NIT2.COX)Nri4. Small 

deliquescent needles, and prisms of potassium carbamate, were obtain(‘d in 
several ways. It decomposes like the sodium salt. In no case was cyanamide 
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obtained in the decomposition of the alkali carbonates, but with those of the 
alkaline earths, cyanates are first formed ; and urea is assumed to be derived from 
ammonium carbonate mediately through the cyanates. E. Divers’ precipitates 
are not to be confused with those pr<iviously described. The precipitate with 
ammonium carbamate and an alkaline earth chloride is more soluble than the 
precipitate with the carbonate. 

R. Ehrenfeld found that the carbamate in <*ommercial ammonium chloride is not 
reduced by Jiydrogcn at the cathode during electrolysis. If the current be rapidly 
reversed during the electrolysis of soln. of commercial carbonate (containing 
carbamate), with platinum (ilectrodes, E. Dreclisel found after 8 hrs. a salt of a 
platinum base is contained in the soln. There is also formed in iLe first or oxidation 
state : NH4O.CO.NII2+O— H20-l-C02(NJl2)i: ; and this undergoes a further 
transformation into urea : (X)2(NH2)2H"H2— (>0(Nll2)2+H20. B. Gerdes also 

obtained platinum bases in the electrolysis of soln. of ammonium carbamate in 
a cell with platinum electrodes. 
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§ 35, Commercial Ammonium Carbonate ” 

This product is also called s(d (flkali volaidr. sal vohtltle sails ammoniaci ; and, 
as ]}rcviousl)" indicated, owing to its formation during the dry distillation of bones, 
horns, and other animal products, spirit of kart ska nf, sal volatile cornu Cf:rn\ etc. 
D< is the amnionii carbonas of the pharmacoptcia. 

According to E. Divcrs,i the. ])roducb obtained by cooling a mixture of thjce 
volumes of ammonia with two volumes of <*arbon dioxide in the presence of at 
least the calculated quantity of water vapour furnishes a substance similar to tJie 
ordinary coninicrc^lal carbonate ; a greater proportion of carbon dioxide can be 
used if sufHcicmt water va|)our and some liquid water are present. E. Divers 
also found the same compound to be formed bv the rapid distillation of any of the 
ainriioniuin carbonates or of ammonium carbamate with water. 

Ammonium carbonate is prepared on a large scale by distilling an intimate 
mixture of ammonium sulphate with twice its weight of chalk in cylindrical cast- 
iron vessels, 7 to 10 ft. long and li ft. diameter, and fitted witJi movable leaden 
covers at each end. Several retorts are heated in one furnace. The vapours from 
the retorts are led into stone chambers whore the car))onato is deposited as a crust 
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on the walls. When the crust is sufficiently thick, it is detached by knocking the 
walls. The crude carbonate is mixed with 43-44 per cent, of chalk, and resublinicd 
in ix)ts covered by leaden caps, and heated by a water-bath between 70 and 8() 
About 34 per cent, of the mixture employed is recovered as sublimed ammoniujn 
carbonate, and 59-60 per cent, of calcium sulphate. A certain proportion of 
ammonia or ammonium carbonate escapes in each operation, and the exit gases 
are therefore passed through a small scrubber where they meet a stream of sulphuric, 
acid which retains the uncondemsed carbonate, and the free ammonia as ammonium 
sulphate. G. Lunge recommended passing a stream of carbon dioxide through the 
chamber in order to get a more complete recovery of the ammonia. H. Kunheitn 
recommended passing ammonia gas obtained by the distillation of gas liquor 
directly into the condensing chambers where it meets a stream of carbon dioxide, 
obtained as a by-product from lime kilns or other manufacturing processes, and 
deposits the carbonate as a crust. Ammonium chloride can be used in place of 
the sulphate, and tliis has been the subject of patents by C. Wigg and W. Pratt, 
etc,, although the process is a ver}’^ old one. 

Neither ammonium carbonate nor ammonium carbamate can exist as vapour, 
for both these compounds decompose into their constituents when heated. The 
nature of the products obtained by the distillation of ammonium chloride with 
calcium, potassium, or sodium carbonate, depends on the behaviour of a mixture 
of water vapour, ammonia, and carbon dioxide ; or, since these substances do not 
combine until their temp, is below the condensing point of steam, and therefore 
much of the water separates from the mixture in the liquid state, the nature of 
the products depends upon the reaction of eq. quantities of moist carbon dioxide 
and moist ammonia, and the behaviour of the product of this reaction with liquid 
water. It is therefore assumed that the products of the distillation are ammouiu. 
water, and the salt 2(NH4)HC03.C0.Nn2. E. Divers believes that this is not a 
.satisfactory explanation of the reaction since he found that the first product of the 
distillation of a mixture of calcium carbonate and ammonium chloride is ammoniuin 
carbamate notwithstanding the presence of water, “ and that a substance with 
the composition of the commercial carbonate is formed when the moist carbamate 
is redistilled,” 0. Figuier obtained no calcium oxychloride, it formed, but E. Divers 
usually found some oxychloride ; O, Figuier also obtained no ammonia, but lie 
cooled his receiver with ice and assumed any ammonia which might be formed 
was arrested by the condensed liquid. E. Divers obtained no ammonia in the 
early stages of the distillation. If alkali carbonates be substituted for calcium 
carbonate, ammonia is given off from the very first, owing to the fixation of water 
and carbon dioxide from the dissociated ammonium carbonate by the cool alkali 
carbonate : K2C034-C02+H20+2NH3=2KHC03-f-2NH3. At a later stage, this 
absorbed carbon dioxide is again set free to combine in part with some of the 
deposited “ carbonate of ammonia,” During the redistillation of the primary 
product, Fj. Divers found that an evolution of ammonia gas commences between 
50° and 55*^. 

C. Raspe treated the ammoniacal liquid deprived from the distillation of coal, 
bones, etc,, with zinc carbonate to remove the sulphur, and finally distilled the 
product — the emp^Teumatic matters were removed by passing the vapours through 
hot coke. An acid carbonate is also made on a large scale from aqua ammonia 
(from gas liquor) and carbon dioxide. The product has 21-23 per cent, of ammonia. 
It decomposes more slowly than the ordinary commercial carbonate containing 
31 per cent, of ammonia. Accordyig to P. Seidler, it fiirnishes the commercial 
carbonate when resublimed, as in the 1846 patent of F. C. Hills. 

There have been several patents for treating the ammonium chloride liquors 
filtered from the hydrocarbonate obtained in preparing sodium carbonate by 
E. Solvay’s process. For example, J. Young decomposed the soln. of ammonium 
chloride by boiling it with calcium of magnesium carbonate ; F. L. Teed passed 
the liquid down a tower packed with liunps of limestone, but neither process was 
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very successful. H. Schreib made a special study of the action of a soln. of ammo- 
nium chloride on calcium carbonate — it |)Toceeds three times as fast with powdered 
marble, and twice as fast with powdered limestone as it does with freshly precipi- 
tated calcium carbonate. The action is slower with limestone in lumps than in 
powder. The reaction is rapid at first, but afterwards proceeds slowly, taking a 
long time for completion. 

The impurities in commercial carbonate may include ammonium thiosulphate 
derived from the ammonium sulphate or ammonium chloride containing some 
sulphate ; ammonium sulphate or chloride, derived from the same sources ; lead, 
derived from leaden receivers ; and lime, calcium chloride, or other non-volatile 
substances may be present, and these remain as a permanent residue where the 
salt is volatilized. 

The commercial carbonate has a conchoidal fracture, or it may occur in softer 
cakes of prisms arranged perpendicularly to the surface of deposition, or it may occur 
in white nearly opaque layers. When subjected to a high press, of 50-100 atm., 
W. Hempel obtained the commercial carbonate in masses of stone-like hardness. 
The chemical composition of the different samples is, however, fairly constant, which 
approximates to CO2, 55*93 ; NH3, 28*81 ; H20, 15*26 per cent, corresponding with 
(C02)3(H20)2(NH3)4. T. (). Bergman’s old analysis, made in 1774, gave CO2, 45 ; 
NH3, 43 ; J. Dalton’s, made in 1813, CO2, 59 ; NII^, 24*5 : and analyses between 1817 
and 1853, made by A. Ure, 11. Phillips, T. Thomson, J . Davy, and H. Rose, ranged from 
50*55 to 56*23 per cent. CO2, and 26*17 to 30*5 per cent. NH3. J. Dalton deduced 
from his analysis the atomic composition generally adopted in chemistry up to 
1870, and which he represented as eq. to one mol. of “ siibcarbonate,’* i,e. hydro- 
carbonate, and two of the “ carbonate,” i.e, the carbamate. E. Divers showed 
that there had been a change it) the manufacturing process which furnished a 
product wdth 31 per cent, of NJI3 and 56 per cent, of OO2 corresponding with 
(002)2(^2^ 1)(NH3)3, differing iji many of its properties as well as in composition 
from the older commercial carbonate. The constitution of the commercial carbon- 
ate is (NH4)HC03.NH40.C0.NH2, corresponding with that required by a double 
salt of ammonium hydrocarbonate and carbamate, or else a mixture of these 
two salts. E. Divers favoured the former hypothesis. The older commercial 
carbonate corresponded with 2{NH4)H('03.NIL0.(.’().NH2, and can therefore be 
regarded as having ]>een a mixture of the now carl)onate with some hydrocarbonate. 
Some differences are : 

In 1839, 11. Rose said that the ordinary commercial carbonate liquetied when slowly 
heated in a retort ; whereas, in 1870, E. Divers found scarcely any liquefaction. The older 
carbonate when distilled with anhydrous calcium chloritle gave ammonium chloride, 
calcium carbonate, and carbon dioxide, wlioreas the newer carbonate gave in addition 
ammonium carbamate. The solubility of the newer carbonate is about twice as great 
as the old ; and the af|. soln. is not charged with carbon dioxide. R. Phillips and E. Divers 
have also rej>oi't©d as rare the occurrence of the hydrocarhonate in commercial carbonate. 
Tn consequence of those differences it is necessary to know whethc^r the old or the new 
carbonate is in question when discussing the properties of the commercial carbonate. 
Sometimes the sosquicarbonate is to be understood. 

E. J. Maumen6 (1880). K. Kraut (1886), L. L. de Koiiinck (1894), E. O. von 
Lippmanii (1888), etc*.., have given analyses of commercial samples. According to 
J. Dalton (1819), when the older commercial carbonate is exposed to air, it loses 
about 50 per ceTit. in weight, while, according to E. Divers (1870), the more recent 
carbonate loses 4.^l-44 per cent. In either case, the vyhite residue was observed 
by J. Dalton, E. Divers, and H. Voglcr to consist of ammonium Jiydrocarbonate, 
(NH4)HC03. I’lie commercial carbonate gets moist when heated. When slowly 
distilled, tlic product has virtually the same composition as before, except that 
at the beginning a little normal carbonate is formed, and towards the end. some 
hydrocarbonate appears. A. Basaroff found that when heated in sealed tubes to 
130^ it is converted into urea, C0(NH2)2- 
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The ordinary method of determining the solubilities cannot be applied to tlu* 
commercial carbonate because a sat. soln. decomposes any fresh carbonate ad(lc<l 
to it, K. Eudorfl’ found the temp, fell from to 3*2‘^ when 25 parts of salt arc 
dissolved in 10 () parts of water. E. Divers found that 100 parts of water at 15 
dissolve 25 parts of the commercial salt, and at about 65°, 66*7 parts. When tlie 
sat. soln. is cooled, it furnishes crystals of the hydrocarbonate. T. J, Pelouze and 
E. Pr 6 my ^ said that the sesciuicarbonatc separates under these conditions, but in 
E. Divers' opinion this statement is wrong. According to J. J. Berzelius, 100 parts 
of water at 49° dissolved 50 gnus, of tlu^ old carbonate of commerce. In a general 
^way, E. Divers has shown that the solubility of the commercial carbonate appro \n 
juately accords with the hydrocarbojuate it contains- -viz. one of the salt in two of 
water. G. Lunge measured the sp. gr., D, of soln. of ammonium sescjuicarbonate 
and found this constant rose from l‘(.Kj5 with 1*6() per cent, of salt to 1*144 with 
44*90 p(^r cent, of salt, at a temp. 12°. Some intermediate values are : 

Per cent, salt . . 3*18 (P04 J f *86 17 70 23‘78 29*93 36*88 44*29 

S]). . . . 1 010 1*020 1*040 1*060 1*080 MOO 1*120 1*140 

T. Gri filths found a cold sat. soln. of the old carbonate to boil at 82° ; J. Davy 
says such a soln. decomposes witli the formation of bubbles of gas at a lower temp, 
than this. Probably the two observers attached a dilTerent meaning to the term 
‘‘ I)oiling." At 100 °, T. Griffiths found the .soln. to have given off all the carbonate 
it contained and to be nothing but water. E. Divers found a sat. soln. of the new 

carbonate liegins to (dfervesce at 6f)'\ and does so copiously at 75° the first products 

of the effervescence are cat bon dioxide, but at 85° animonia is also present, and a 
liquid cojidenses on the tieck ot the retort. K. Divers says the first ac*tion of water 
is to split the salt- into the acid (*.arhonatc crystals and ammonium carbamate wfu<*h 
remains in soln.: (Nil 3 ) 3 ll 2 U(C 02 ) 2 '- (^^H 4 )llC 03 H-('(h 2 (Nn* 3 )o ; tlie carbamate 
ill soln, is hydrolyzed to the normal c«*irbonate, <X.) 2 (N II;j) 2 “|-I[ 20 --^^(Nir 4 ) 2 PG;i, 
which then reacts with the commercial carbonate, formiijg crystals of the sescjiii- 
carbonate, and a soln, of the carbamate, 2 (C^(> 2 ) 2 ir 2 ^^(NHs) 3 +(NJ 44 ) 2( ^-^20 
- (NJr 4 ) 4 H 2 (G(>:,) 3 . 1 l 20 113 ) 0 . The carbamate so formed is hydrolyzerl, 
as before, to the normal carbonate wliich may separate in tlie crystalline (-on- 
dilion, to form the. sescjuicarboiiate and orthocarboiiate ; o(N H 4 )o(!Oo.HoO 

.--=(Nll 4 ) 4 ll 2 ((‘<-);d 3 .H 20 + 2 x\H 3 ( 21120 : or 4(NH4)2CO:vH20^ 

+(NH 4 ) 4(.'04 (- 21120 . The carbamat(* may also form ortho(‘arbamatc. 

and ses(|ui<arbonate, 4 (Nir 4 ( M !().NH 2 ) f tffof)- (Nll 4 ) 4 H 2 (W^^ 
t (Nll 40 ) 2 C(Nll 2 ) 2 . The «a]iiations last indh ated are hyj)otheticaI. Tlic farts 
are that in the action of water on the commeri.ial carbonate, crystals of hydro-, 
ses(|ui-, and normal meta-carbonates c.an be obtained along with a soln. of ammoniuiu 
carbamate and what P. Divers assumes to [>e either ammonium orthocarl >onatc or 
ort hocarbaiu ate . 

Aq. alcohol extracts tlie carbamate from the commercial carbonate, and leaves 
a residue of the hydrocar) )onate. N. W, Fischer noted that alcohol j)recipiiates 
the hydrocarboiiaie from the acj. soln. of the commercial carbonate ; this preci[)itate. 
Avas formerly named ojja Thdmordi after J. B. van llcljuont, who described it in 
his essay />c Uthiai^i (Amstelodami, 1648). According to L. ilunefeld (18:10), 
when the commercial carbonate is warmed with 90 per cent, alcohol, at 47*5° bubbles 
of gas begin to rise from the undissoh^ed mass, whicli increase up to about 60° 
when there is a copious effervescence of nothiug liut carbon dioxide. Above 62°, 
a liquid condenses in the neck of the retort, and this contains the normal carbonate. 
E. Divers (1870) obtained similar results, hut at ratlier lower temp, than those which 
L. Hiinefeld recorded. The spirilus amtuoytun (iromftl%cys of the British Pharniacopcria 
generally contains an alcoholic soln. of ammonium carbonate with an excess of 
ammonium hydroxide, with a lit tle oil of lemon and oil of nutmeg. It is made 
by distilling a mixture of these oils with alcioho), aqua ammonia, and ammonium 
carbonate. 
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' : ConO. aqua ammonia in the cold dissolves carbamate from the commercial 
carbonate, and it converts the hydrocarbonate into normal carbonate either by 
removing half its carbonic monohydride, or by combining with it and with water. 
If the commercial carbonate be digested with a sat. soln. of ammonia in a closed, 
vessel at 20^ to 25°, this salt slowly dissolves, and the soln. , on cooling, deposits crystals 
of ammonium carbamate and a little normal carbonate : (NH8)3H20(C02)2+NH3 
=s=H 20+2C02(NH8)2. C, Arnold has tabulated the solubilities of the freshly pre- 
cipitated carbonates and hydroxides of most of the common metals in sat. soln. 
of potassium and ammonium carbonates. A. Ditte studied the action of soln. of 
ammonium carbonate on vanadic oxide. 

Q. Gore found that when the commercial carbonate is heated witli hydrogen 
chloride, it swells up, and with liquid hydrogen chloride it gives off no gas, and does 
not dissolve ; also the product gives no gas wth diJ. aq. hydrochloric acid. H. Rose 
observed that when the commercial carbonate warmed with hydrogen sulphide 
it is j)artly converted into ammonium sulphide ; that sulphur dioxide has no 
action at ordinary temp., but when warmed tCgether, a yellow sublimate of NH3.SO2 
is formed, and then white ammonium sulphite, (Nn4)2S03. 

When heated to 60° with potassium carbonate, E. Divers found ammonia 
to be evolved, at 65°, carbamate is formed, and the reaction is completed at 80^, 
a compound of potassium hydrocarbonate and ammonium carbamate, 
(KHC03)2NH4i5.C0.N^l2» is formed in the first stage of the reaction, say : 
(NH3)3H20(C02)2+K2C03==(KHC08)2C02(NH3)2+NH8. This product is taken 
to be the potassium analogue of commercial ammonium carbamate, which in the 
second stage of the reaction decomposes to carbon dioxide and ammonia which 
condense to ammonium carbamate: (KHC03)2C02{NH3)2=2KHC03+[C02+2NH3], 
so that the content of the retort at the end is nearly all potassium hydrocarbonate. 
Again, when heated with dr^^ calcium chloride to 50°--52°, a little carbamate appears 
and carbon dioxide is evolved. The amount of carbon dioxide evolved gradually 
diminishes as the temp, approaches 60° : 2(C02)2H2O(NH3)3+2CaCl2==2CaC08 
+4NH4C1+[C02+2NH3]-1-002 — ^the bracketed products condense as carbamate* 
— mixture of unchanged calcium chloride, ammonium chloride, and calcium 
carbonate remains. When commercial carbonate is mixed with dihydrated calcium 
chloride, the smell of ammonia disappears, the mixture gets warm, swells up, and 
evolves carbon dioxide. When eq. proportions are used, and, after the preliminary 
action has subsided, heated to 50°, nothing but carbon dioxide and water are evolved, 
and a porous mass of ammonium chloride and calcium carbonate remains. Dry 
sodium chloride suffers no change, but if moisture be present, some ammonium 
chloride and sodium carbonate appear to be formed. H. R. Ellis found that when 
commercial ammonium carbonate is heated with magnesium powder, amorphous 
carbon and some graphite arc formed. J. D. Riedel examined the action of com- 
mercial ammonium carbonate on zeolites ; and R. Warrington has studied the 
nitrification of ammonium carbonate soln. 

R. Ehrenfeld observed the formation of ammonium forntate during the electro- 
lysis of soln. of commercial ammonium carbonate (with one part of aqua ammonia, 
sp. gr. O’OlO, and four parts water) in a cell with a porous diaphragm, and with 
zinc or amalgamated zinc cathodes and with a current density of 0‘01 to 0^08 amp., 
and a current of 5 to 10 volts for 12 hrs. at ordinary temp. There is no reduction 
with cathodes of copper, iron, nickel, lead, or platinum. The amount of reduction 
depends on the current density and on the cone, of the soln. No formate was 
detected when the current density was below 0*01 amp., and the cone, below one- 
fifth that stated above. The formation of the formate is attributed to the presence 
of NH4C03'-ions in the cone. soln. and not to the presence of carbamate in the 
commercial carbonate. Analogous experiments with the alkali carbonates gave 
no formates, although A. Coehn and S. Jahn obtained formates during the electrolysis 
of aq. sodium hydrocarbonate. 

Ammonium ^[^arbonate is used in wool-scouring, silk washing, dyeing, and in 

VOL, n, 3 V 



inoIrganic and theoretical chemistry 

the manufacture of baking powders. It is also used medicinally as a gastric stiimi- 
lant in dyspepsia; as a cardiac and general stimulant in syncope, for stimuluiiuj/ 
the respiratory movements; as an aid in the expulsion of thick mucus; and 
as an emetic. 
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§ 36. The Alkali Nitrates 

R, Boyle,^ in 1667, obtained fixed alkali by the calcination of nitre, and ho 
regenerated the nitre by tlie action of nitric acid on the lixed alkali. J. Mayovv 
accordingly regarded sal fiitrium as a compound of acid and alkali. L. Leincry 
(1717), F. Geoffroy (1717), and G. Stahl (1723) took the same view. J. Bohn 
(1683) first clearly distinguished the crystals of potassium and sodium nitrates, 
and R. Boyle’s description of the crystals shows that he had prepared the sodium 
salt in 1667. *1. G. Wallerius - again em])hasized the diftercnco between the crystals 

of sodium and potassium nitrates in 1750, and this w^as confirmed by J. B. L. Rome 
de risle in 1783 ; and by R. J. Haiiy in 1822 ; A. Broithaupt called sodium nitrate 
Zootinsah ; and W. Haidinger, Nitraiin. 

Relatively small amounts of nitrates occur in nature as impregnations or 
efflorescences on other minerals. They are formed by the decomposition, under 
special conditions, of the organic matter in soils. On account of the relatively 
large solubility of the nitrates in water, they can only acctimulate in the so-called 
rainless regions—Ohilo, California, South-West Africa, Middle Asia, etc. A little 
ammonium nitrate is derived from the atm., where it is produced by electrical 
discharges acting on the contained nitrogen and oxygen. In comparatively recent 
times, too, nitrates have been produced artificially by the action of electrical 
discharges on air. Nitrates are found in exudations from anituals — urine, perspira- 
tion, and saliva.^ L. Lemciy (1717) found nitre to bo present in the juices of 
certain plants, and A. Boutin found this to bo particularly the case with the 
ctvnarant^hus blitutn, amaravdhus rubus, and the anuirunthus atropuT pureus ,* the dried 
plants contain respectively 11, 16, and 23 per cent, of nitrate. Saltpetre has been 
reported to be present in onions during summer, where it is formed through the 
oxidation of ammonia. The potassium of naturally occurring saltpetre is probably 
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derived from the weathering of felapathic rocks. The deposits of potassium salts, 
occurring in isolated pockets in various parts of the mountains of South Africa, are 
assumed by E. G. Bryant to be derived from the excrement of the tock-rabbits, 
the nitrogen of which, by a process of nitrification, forms nitrates ; the base is 
derived from the rocks below. The nitre deposits occur in the Griquatown beds 
of the Transvaal geological system. The largest beds occur at Prieska (north- 
east Cape Colony) ; a deposit in the Transvaal furnished the old Boer Kepiiblican 
Government with sufficient nitre for the manufacture of gunpowder. Analyses 
range from 1*2 to 25*88 per cent, potassium nitrate, small^ often insignificant 
amounts of calcium nitrate ; potassium sulphate up to about It) per cent. ; sodium 
nitrate, 1*1 to 22*47 per cent. ; and a small amount of sodium chloride. The 
potassium salt is recovered by washing. There are natural deposits of potassium 
nitrate in India ; and a deposit is reported from Brazil with 89 per cent, of this salt. 

Large quantities of sodium nitrate occur in the Argentine, in California, and 
principally in the rainless zone on the West Coast ni South America — Peru, Bolivia, 
Chili. The salt occurs in large flat basins — calicheras — between the ridges on the 
Tarapaca plateau and Antofagasti in Chili, and the centre of the trade is at Iquique. 
The district where the nitre beds occur is rainless and devoid of vegetation. Kig. 75 
represents a diagrammatic cross-section through a nkte basin which will give a 
rough idea how soda nitre occurs. According to A. Kroczek,"^ there are roughly 
five not very sharply defined layers : (i) The first or surface layer, named chuka, 
consists of 2 or 3 inches of grey sand and pebbles mixed with a little sodium sulphate 
and gypsum. The surface itself is almost devoid of vegetation, (ii) Below the 
surface is a l-to-5 ft. layer of similar material cemented together with clay and 
salt and sodium nitrate. This stuff is 
called by the natives costra (a crust). 

(iii) Below the cosira is a layer of 
sodium chloride, etc., resembling costra 
and called conjelo, (iv) Below the 
conjelo is a white stratum of massive i^jq, 75.'— Diagrammatic Geological Section 
nitre-bearing rock, 1 to 5 ft. thick, of Nitre Bed. 

which is called by the natives caliche, 

(v) A layer of clay and loam containing some sea fossils and a little salt ; it is called 
coba. The bed-rock consists of shale, or limestone, or other rock which may be there 
outcropped. 

Costra is a kind of low-grade nitre rock or caliche running 5 to 17 per cent, 
sodium nitrate which does not ])ay to work ; the caliche runs 18 to 25 per cent., 
and in exceptional cases 50 to 60 per cent, sodium nitrate — the average runs 20 
to 30 per cent. The deposits arc close to the surface, and naturally vary a little 
in composition in different places. R. F, Blake and V. roiivier’s, and L. Dieulafait’s 
analyses ® of costra and caliche show : 

NaNOa KNOa NaCl 14a.2S04 CaSO^ MgClj CaCO., 

Caliche . . 37*9-G2-3 0-3-26*l 20'(5-41-5 2*7-7-3 0-64 0’4-0*7 01-015 

Costra . . 18-6-24-1 6-45 220-57'5 3-5-16-6 7-79 04-1-6 009 

In addition, the caliche contains 0*04-1*06 per cent, of potassium iodate, and the 
costra 0*03 per cent. ; the caliche 0*02-1*32 of potassium chlorate. A. T. Machattie 
gives from 0*73 to 1*00 per cent, of sodium iodate in caliche, and R. F. Blako and 

V. rOlivicr a trace of iodine. L. Dieulafait found traces of lithium, rubidium, 
and cfcsium salt ; H. Beckurts, chlorates and perchlorates up to 5*04 per cent. ; 
M. Marcker, borates and humus ; C. F. Schonbein, nitrites and ammonia ; R. Wagner, 
iodine and bromine. H. Griineberg says the former is present as iodate or periodate. 

W. Ostwald considers that the presence of the highly oxidized salts — iodates and 
perchlorates— shows that the deposits were formed in an atm. highly charged with 
ozone. H. Guyard says the yellow coloration of some samples is due to the 
presence of potassium chromate ; and the violet to manganese nitrate. The 
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^uauaj minfiral species, NaNO8.Na2SO4.HgO ; and nifroglmherile, 

6NaNO3.2Na2SO4.3H2O, have also been reported by G. E. Bailey to be associated 
with the nitrate beds in Chili and California. 

The extraction Ol sodium nitiate. — The oalicho is mined by boring down to the lowest 
stratum. The bore is enlarged and charged with blasting powder. The explosion brc’iaks 
up the nitre bed within a 50 ft. radius of the explosion. The caliche is sorted out and 
transported to the leaching works. The caliche is extracted with water, by the counter- 
current process used in the alkali industry, and the soln. is recrystallized so as to separate 
the sodium nitrate from the accompanying impurities^ — sodfium chloride, sodium and 
calcium sulphates, so3ium iodate, sodium perchlorate, insoluble matter, etc. Commeicial 
Chili saltpetre conteuns from 95 to 98 per cent, of soduim nitrate. The sodium iodato 
which accumulates in the mother liquid is used for the manufacture of iodine, 
A. W. Allen has also described a process of treatment. C. M. Barton ® has shown that 
by evaporating the liquor from the crystallizing vats to a great density, sodium nitrate 
with 25 per cent, potassium nitrate can bo obtained. A bibliography has beeo published by 
A. Bertrand. 

The world’s consumption of sodium nitrate in 1912 was 2,460,000 tons ; and in 
1914, 2,633,000 tons. Sodium nitrate can be converted into potassium nitrate by 
double decomposition with potassium chloride,’ with potassium hydroxide ® ; or 
with ]>otas8ium carbonate ; and also by first converting it into barium nitrate and 



Fio. 76. — Solubilities of the Four Components of 
2NaN03 4- K jCOa^Na.COj, 4 2KNO3. 

treating this product with potassium sulphate.^ H. Hampel discussed the trans- 
formation of calcium nitrate into potassium nitrate ; K2S04“|-Ca(N03)2=2KN03 
4*CaS04. J. W. Bronsted showed that the free energy of the reaction 
KCl+NaNOa^NaCl+KNOa is 740 cals. 

The double decomposition of sodium nitrate by potassium carbonate whereby 
sodium carbonate and potassium nitrate are formed, 2NaN03-|-K2C03^Na2003 
-I-2KNO3 is not a widely used technical process for converting sodium 
nitrate into the corresponding potassium salt ; but its interest as an example 
of reciprocal salt formation led .R. Kremann and A. Zitek^<^ to investigate 
the conditions which give the maximum yields of potassium nitrate, and of 
sodium carbonate. There are the solubilities of the different salts to consider 
in the presence of one another, the transition points of the different hydrates, 
and the possible formation of complex salts — in the present case, the double 
salt, Na2CO8.K2CO3.6H2O. R. Kremann and A. Zitek worked at 10® and 24‘2®. 
The solubilities of the individual salts in mols. per 1000 grms. of water are 
plotted in Fig. 76. Here, OD represents the solubility of sodium carbonate ; 
OC, of potassium carbonate ; OS, of potassium nitrate ; and OA, of sodium 
nitrate. The unit of measurement is that recommended by R. Kremann in his 
Ijdlfaden der graphi^chen Chemie (Berlin, 1910), namely, 2""* less than that in 
space. R. Kremann and A. Zitek’s values for the solubilities in mols. per litre are 
indicated in Table LVI, where “ D,8.” refers to the double salt, K2CO8.Na2CO3.6H2O. 
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It might also be added that Na 2 C 03 is always present with the decahydrate in the 
solid phase at 10°. 

Tabub LVI* — SoLUBii.iTii:s of Potassxom and Sodium Nitrates and Cabbonates. 


Solid phase. D.S. ■■double salt. 


24*2® 



10 ® 


2 NaNO, 

Na 2 C 03 

j KjCOa 

2 KNO 3 

2 NaNOj 

1 Na^COg 

1 KaCOj 

j 2 KN '03 

1 


Solutions Saturated wife One Salt. 


NaNOa .... 

5*37 

, - , 

— .. 



4-730 

. 


j -■■■ - 

Na,C 03 . 10 H ,0 . 

— 

2-691 

— 

— 

— 

0-8247 

— - 


KaCO, 

— 

— 1 

— i 

— 

— 

— 

7*838 


KNO 

— 

— 1 

j 

1-86 

— 

— 

— 

1*497 



Solutions Saturated with Two Salts. 


NaNOj+NajCOj.THjO . 

3-69 

2-05 


. . . 

1 4-167 

10-82471 

1 r- - j 

I . 

NajCOj. 7 H 3 O +Na 8 COa. lOH.O 

2*701 

2-482 

— 

, — 

separates out at 10 ® 

[ 

1 

NajCOa+D.S, 

— 

3-422 

1*760 

. — 


1-663 

2*561 


K.CO.+D.S. 

— 

1*06 

7*77 

— 


0-5767 

7*61 

— 

KjCOs+KNOj . 

. — 

1 — 

8*040 

0-153 

4-949 ! 

— 

7*780 

0*1316 

NaNO,+KNO» . 

5*95 

— 

— 

2-15 


— 

- — 

1*497 


SotiUTxoNs Saturated with 

Three Salts. 

NaNO, +Nra,C 05 + KNO. 

4-166 

2*056 1 

- -T 

1-400 

1 4-479 

[0-619 

1 - -1 1 

1-069 

KN 03 +NajCO,+D.S. . 

— 

3*696 ! 

0-184 

1-063 


1*513 

0*1334! 0*7067 

KjCOj+KNO.+D.S, . 


0*734 j 

7-338 

0*312 

— 

0*4981 

7*408 

0*0716 


Again referring to Fig. 76, from the point i), the solubility of sodium carbonate 
decreases proportionally with increasing cone, of sodium nitrate, so that deca- 
hydrated sodium carbonate, Na2(X)3.10H2O, is precipitated along DQ2 , ; at ^^2 
the decahydrate is transformed into the heptahydrate, NaoCC)3.7H20 ; along 
Q2Q1, the heptahydrate is precipitated ; at the soln. is sat. with both the 
heptahydrate and sodium nitrate, NaN03 ; and the curve Q^A represents the solu- 
bility of heptahydrated sodium carbonate and sodium nitrate. The addition of 
sodium nitrate to a soln. of potassium nitrate or of potassium nitrate to one 
of sodium nitrate raises the solubility of the other as shown by ' the curves 
AR, and RB, where R represents a soln. sat. with respect to both salts. This 
is a case where salts with a common ion do not mutually lower but rather 
raise one another’s solubility. A double salt has not been isolated, and the 
phenomenon is accordingly ascribed to the formation of complex ions. The curve 
BSC represents the eflPect of potassium carbonate on the solubility of potassium 
nitrate, and vice vcthA : S represents a soln. sat. with both these salts. The curve 
DUTC represents the effect of potassium carbonate on the solubility of sodium 
carbonate ; at V the soln. is sat. with sodium carbonate and the double salt, 
Na2C03,K2C03.6H20, and at T, with potassium carbonate and the double salt. 
Owing to the formation of the double salt, there are three soln. sat. with three 
salts, namely, JPi, sat. with the two nitrates and sodium carbonate ; with 
potassium nitrate, the double salt, and sodium carbonate ; and P3, with potassium 
nitrate, the double salt, and potassium carbonate. The line QiPi represents a 
soln. sat, with sodium nitrate and carbonate with the addition of increasing pro- 
portions of potassium nitrate ; PPi, of the two nitrates, with additions of sodium 
carbonate ; UP*i^ of the double salt and sodium carbonate, with potassium nitrate ; 
jTPg, the double salt and potassium carbonate, with potassium nitrate ; SP^^ 
with potassium nitrate and carbonate, with the double salt; P^P%, of sodium 
carbonate and potassium nitrate, with sodium nitrate ; and P2P3, with the double 
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Balt and potassium nitrate, with additions of sodium carbonate. The regions 
bounded by these lines are RAQiP\, representing soln. sat. with respect to sodium 
nitrate ; RPxP^P^SB, potassium nitrate ; SP^CT, potassium carbonate ; TP^P^U, 
the double salt ; and U P^P^Q^Q^D, sodium carbonate. The latter is present as the 
decahydrate in the whole field PxQiQ^DV P^, but at 24 ' 2 °, the field is subdivided 
into three regions : Q^DUq, with the decahydrate, Na2C03, as solid phase ; QzQirxq, 
with the heptahydrate, Na2C03.7H20, as solid phase ; and rsP^Qi, with the mono- 
hydrate, Na2C03.H20, as solid phase. The soln. along PiP^ is sat. with KNO;; 
and with monohydrate<i sodium carbonate as solid phase. The points r, q, and 
are arbitrarily selected — ^tho observed facts are the transition point Q^, and the 
fact that the monohydrate separates along the line PiP^. The transition point 
of the monohydrate is at 37 *’, and this point is lowered by the presence of the large 
amount of salt corresponding with PiP^ that the monohydrate separates along the 
line PiP^i- In the technical application of the process, the sodium nitrate and 
potassium carbonate are brought together at a suitable cone., and after the pre- 
cipitation of potassium nitrate there remains a soln. sat. with potassium nitrate 
in the presence of two other salts in soln. At 24 ' 2 '’, a soln. will be obtained corre- 
sponding with a point in the region RSEP^ P 2P and the actual position will bo 
determined by the cone, of the soln. of sodium nitrate and potassium carbonate 
initially employed, and the conditions can be so chosen that the resulting soln. is 
represented by a point lying on PiPi, and after the precipitation of potassium 
carbonate the soln. will then be sat. with sodium carbonate. Let JJk denote coeff. 
of efficiency, that is, the percentage of potassium carbonate used up, and U^a tbe 
corresponding coefl. of efficiency for the sodium, then 


_100[C03~K2l 


and Uya— 


Na 


2 


Since all the CO3 and in the soln. comes from the potassium carbonate, it follows 
that the term [CO3— K2] is eq, to the potassium precipitated as solid nitrate, and 
therefore represents this amount as a ])ercentage on the original potasvsium 
taken. Similarly, Ujsa gives the percentage of the radicle NO3 which is precipitated, 
and since Na2 is eq. to (N03)2, ^l^o gives the percentage of sodium usefully 
employed for the production of potassium nitrate. In continuing their study, 
R. Kremann and A. Zitek point out that in practice it is desirable to obtain a soln. 
as sat. as possible witih sodium carbonate after the precipitation of the potassium 
nitrate, so that the mother liquor c«an bo worked as economically as possible for 
sodium carbonate. Hence, the amounts of the two original salts employed will be 
those required for the soln. to be sat. with sodium carbonate after the precipitation 
of potassium nitrate. The cone, of soln. sat. with both sodium carbonate and 
potassium nitrate is represented by a point on the curve PiP^^ The coelf. of 
efficiency for vsoln. represented by the points jPj, 2^2^ -Ps • 



Pi 

Between Pil\ 

P2 

Near P* 

P2 

Um . 

. 31-7 

07*1 

67*6 

46*8 

6*8 

Vn. ■ 

8*6 

64*5 

68*0 

30*3 

78*4 


The maximum efficiency is clearly at the point for the potassium efficiency 
decreases in j)as8ing towards P3. A mixture containing 29*5 grms. of sodium 
nitrate, 24*5 potassium carbonate, and 50 grms. of water, after agitation, furnishes 
a soln, corresponding with the point and there separates 24*1 grms. of potassium 
nitrate contaminated with 4*5 per cent, of carbonate — ^the theoretical yield is 
23*6 of potassium nitrate. 

Sodium carbonate is obtained by adding sodium nitrate to the mother liquid 
which after the separation of the potassium nitrate corresponded with P^ ; this 
carries the point representing the composition of the soln. along P^Pi towards 
Pi. At P2 there is practically no sodium nitrate in soln., and when this salt is 
added, the solubility of the sodium carbonate is lowered, from 37*7 grms. per litre 
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at P2 21*7 grms. per litre at Pi, and this salt is therefore precipitated. Potassium 
nitrate is not precipitated because its solubility rises towards Pj. To get a soln. 
corresponding with Pj , after the precipitation of the sodium carbonate, it is necessary 
to add potassium carbonate which reacts with the sodium nitrate present in large 
excess, forming sodium carbonate and potassium nitrate. The former salt is pre- 
cipitated, the latter remains saturating the soln. The difference in the solubility 
of sodium carbonate at P2 and Pi is 160 grms. per litre, and what is virtually a 
theoretical yield can be obtained. R. Kremann and A. Zitek also found tliat it 
was better to work at 24*2'^ than at 10^^ because the coeff. for the initial cone, at 
the latter temp, are smaller. 

The usual process of converting sodium into potassium nitrate is as follows : Chili 
saltpetre is dissolved in about \\ times its weight of boiling water, and a soln. of gylvine 
— ^potassium chloride, from the Stassfurt deposits — ^in three times its weight of water, is 
poured into the sodium nitrate soln. Sodium chloride at once separates as a fine granular 
precipitate: KCI-f NaNO.,^NaCl'|“KNOjt. The crystals are removed, and the mother 
licluid is evaporated to about half its original volume, and the sodium chloride again removed. 
The sodium chloride is washed with water to recover some of the potassium nitrate removed 
with the crystals, and the washings used for dissolving more of the raw material. The 
mother liquid is further cone, by evaporation. Crtule nitre crystallizes from the soln. 
This is purified by recrystallization from boiling water, which is stirred while cooling so 
that the nitre crystals may be small and granular— 7neal. The crystals are dried and 
packed in sacks for transport. The potash nitre still holds about half per cent, of sodium 
chloride. The by-product, sodium chloride — pickling salt — is preferred to ordinaiy salt 
for pickling moat, probably because of the quantity of nitre it still contains. 

The origin of the nitre beds is not known. It is generally agreed that the 
nitrogen is of organic origin — ^animal or vegetable. Since immense deposits of 
guano have been found on some of the islands off the coast of Peru — e,g, the Chincha 
Islands — it has been suggested that the nitrogen is derived from the guano. If 
so, it is not clear where the phosphates have gone, since there is practically no 
calcium phosphate in the nitre beds. Of course, the soluble nitrates may have 
been leached from decayed guano in some other locality and deposited in their 
present form. The origin of the deposits has not been satisfactorily solved. The 
most generally accepted explanation is that the beds have resulted from the decay 
of enormous quantities of organic matter, particularly seaweed, which probably 
a(;cumulatcd in a long narrow lagoon of water. This deposit was afterwards elevated 
by movements of the earth. The geologists claim to recognize the remains of 
seaweed in some parts of the nitre beds. ^ 

When organic matter decays, say, in the soil of cattle yards and stables, ammonia 
and ammonium compounds are produced by the action of certain bacteria. If 
the soil be fairly dry, but not too dry, a white scum appears on the exposed surface. 
The scum is made up of small crystals of j)otassium nitrate ; and, after a time, if 
the soil be extracted with water and strained, the liquid, on evaporation, furnishes 
yellowdsh-brown crystals of crude nitre. The crude nitre can be purified by re- 
solution and crystallization. The white efflorescence sometimes seen on the walls 
of stables, etc., is sometimes, though not always, due to the formation of nitrates in 
this way. 

The first stage in the decomposition of the organic matter is due to the action 
of certain bacteria. Ammonia and ammonium compounds are formed along with 
other gases which produce the characteristic odour of putrefaction. The next 
stage in the process of decomposition is due to the action of a special bacterium — 
the nitrous ferment - which converts the ammonia into nitrous acid : 2NH3+3O2 
— 2H2O-} 2HJSr02. Another bacterium — the nitric ferment— transforms the nitrous 
into nitric acid : 2HNO2+O2— 2HN():j. The two last-named varieties were isolated 
by S. Winogradsky 12 in 1891. By the agency of these three types of bacteria, 
the soil is constantly receiving fresh supplies of nitrates necessary for the growth 
of plants, and derived from the dccom]>osition of the organic matter present in the 
soil. The free acids are not really prc.sent in the soil because the alkali or alkaline 
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present interact with the acids producing the nitrates and nitrites. It m 
owing to these reactions that water, contaminated by drainage from surtace soil, 
contains nitrates. According to 8. von Bazarewsky, the nitrate formation in soils 
extends down to a depth of 10 cm,, and the optimum temp, is between 25'' and 27''. 

During the Napoleonic wars, France had great difficulty in procuring sufliciont 
nitre for the manufacture of gunpowder. This led to the construction of nitre 
beds or nitre plantidions in various parts of the country.i» When the Ficnch 
ports were thrown open, after these wars, the manufacture of nitre, in France, 
was abandoned because it could be imported more cheaply from India. The process 
is still used in a few localities — e.g. Sw^eden. 

Soil rich in humus, dung, or animal oflal is piled into heaps with the d^ris from buildings, 
or with lime, or wood ashes. The heaps are protected from rain by sheds. A system of 
gutters or pipes may also distribute the liquid excretions of animals over the toj) of tho 
heap. The piled mass is called a nitre plantation. ^ Before long a white film of nitro 
“ grows ’’ on the windward face of the pile. This is scraped off regularly, and leached as 
indicated above. If lime be present, the resulting calcium nitrate is converted into potassium 
nitrate by the addition of wood ashes^ — ^potassium carbonati^ PMN08)»^;:i:KjC0a^2KN03 
-fCaCO,. The nitre is th^piurihed by recrystallization. 

In the hot dry countries of the East*— India, Persia, Arabia — ^Guatemala, etc., 
particularly in the neighbourhood of villages — old or new—where wine and other 
organic matters find their way into the calcareous soil owing to imperfect systems 
of sewage disposal, the process of nitrification goes on rapidly. The soil or nitrate 
earth, called chhUua^ is extracted with water every few years, and the nitrates, 
chiefly calcium and potassium nitrate, are extracted as indicated above.^'^ The 
product from the soil in the Valley of the Ganges (Bengal) is called Bewjal saltpetre; 
it is principally potassium nitrate. If calcium nitrate be present, potassium 
carbonate is added to the aq. extract from the soil, so that calcium carbonate may 
be precipitated, and potassium nitrate remain in soln. The Indian term for nitre 
is soru, and the men who collect the raw material are called sora wallahs. The 
nitre so collected was exported and, prior to the introduction of cheap ice-machines, 
was used as a freezing mixture. Tho nitrates of lithium, rubidium, and caesium 
are made by the crystallization of the soln. obtained by neutralizing a soln. of 
nitric acid with the respective carbonates or hydroxides. 

Crystalline form,— Lithium nitrate crystallizes in rhombohedra (trigonal 
system). P. W. Bridgman observed no new form of lithium nitrate between 
20® and 20f)‘^, and ifless. between 1 and 12,000 kgrms. per sp. cm. The older 
authorities — pjj, P. Kremers —supposed this salt to be trimorphic, but the supposed 
polymorphism is probably due to their mistaking hydrates for polymers of tho 
anhydroxis salt. It is doubtful if lithium nitrate is isomorplious with silver or 
sodium nitrate, although J. W. Retgers says that sodium and lithium nitrates are 
isomorphous. 

Sodium nitrate forms trigonal crystals with tlic axial ratio a : c—1 : 0*8297. 
The rhombohedral form of the crystals of sodium nitrate explains why this salt is 
sometimes called cubic nitre, or rhombohedral nitre, as distinct from prisrmtic nitre, 
or potassium nitrate. The crystals illustrated in Fig. 78 have been crystallized 
on a slip of glass, and photographed under the microscope. The outline drawing 
shows the form of an idealized crystal, and both salts, according to A. des Cloizeaux, 
have a strong negative double refraction. The crystals of lithium and sodium 
nitrates resemble one another so closely that they appear to be isomorphous, but 
R. Krickmeyer found that at 60®, when crystals of anhydrous lithium nitrate are 
formed, soln. containing different proportions of the two salts give crystals of 
sodium nitrate quite free from the lithium salt. The crystals of sodium nitrate 
closely resemble those of calcite in their angular measurements and optical pro- 
perties, so that in spite of the difference in the comppsition of these two salts, they 
have long been regarded as isomorphous. If a freshly cleaved crystal of calcitc 
be placed in a crystallizing sola, of sodium nitrate, the rhombohedra of the nitrate 
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orient themselves so that their edges are parallel to those of the oaloite cleavage ; 
but the deposition is not regular on old cleavage faces of the calcite. T. V, Barker 
showed that the parallel deposition of sodium nitrate on clean and fresh cleavage 
faces of the calcite is independent of the habit or variety of the calcite ; and after 
studying many examples of the phenomena, he concluded that the necessary 
condition for parallel and regular growth is closeness of mol. volume rather than 
similarity of angle or of axial ratio. H. A. Miers and J. Chevalier also showed that 
fragments of calcite will serve for inaugurating the crystallization of underoooled 
soln. of sodium nitrate. 

Sodium nitrate, although so like the other alkali nitrates which furnish poly- 
morphic forms, has not yet presented polymorphic forms. Trigonal sodium 
nitrate crystallizes isomorphously with the high temp, form of silver nitrate, 
and in small percentages with the low tem^. form, so that the two salts appear 
isodimorphous. Mixed soln. furnish rhombic mixed ciystals if silver nitrate be 
in excess, and trigonal crystals if the sodium salt be in excess. D. <J. Hissink tried 
to find a seco^ modification of sodium nitrate between —60® and 270® ; P. W. Bridg- 
man alk) sought Ibr thS'^Sit^i^ected second modification of sodium nitrate between 
20° and' 200°, and 1 and 12,000 kgrms. per sq. cm. press. Negative results were 
obtained ; it is assumed by analogy with silver nitrate that the second modification 
will be stable at a low temp, at atm. press., and the transition temp, will fall with 
rising press. R. W. Q. 'Wyckoff fotmd the X-Tadi<^am of trigonal sodium nitrate 
corresponded with a body-centred lattice containing two raols. of NaNOg. The 
marshalling of the atoms in the crystal as a whole resembles that within a crystal 
of sodium chloride with NOs-groups replacing the Cl-atoms of NaCI. The length 
of the side of the unit rhombohedron is 6‘066xl0~® cm., and the angle between 
the axes 47® 1 4'. 

It is interesting to watch the crystallization of a drop of a slightly super- 
saturated, warm soln. of potassium nitrate on a glass slip under the microscope^ 
Crystallization starts at the edges. Here, rhombohedral ciystcdline plates {left. 
Fig. 78) are first formed with axial ratios : a:b: c=0’5910 ; 1 : 0‘7011 ; these arc 
quickly followed by neodle-liko rhombic crystals. As a matter of fact, both 
forms of crystals appear in the photograph (left. Fig. 78). Immediately the 
rhombohedral crystals touch the rhombic crystals, the former lose their sharp 
outlines, and needle-like rhombic crystals sprout forth on all sides. Hence, as 
M. L. IVankenheim showed in 1837, 'potassium nitrate is dimorphous. The 
rhombic crystals are unstable above, and stable below, 129® ; and, conversely, the 
rhombohedral crystals are stable above, and unstable below, 129®. Hence, 129® is 
a transition temp. : 

lae" 

Potas. nitrate|-i,Qn,i,|„ Potas. nitratef],oitiix>h6dral 

The reported values for the transition point vary from the 126® of F. Wallerant 
to the 130® of M. Bellati and R. Romanese. The rhombohedral crystals which 
are stable above 129°, appear in two forms : a-KNOs separates from the molten 
flux ou cooling in strongly negative doubly refracting rhombohedra, and, if 
undercoolcd to 114®, below the transition point into the rhombic form, they 
suffer an abrupt increase in their double refraction, and pass into the j8-variety, 
which consists of crystals with one optic axis parallel to that of the a-rhom- 
bohedral form. The crystals of potassium and sodium nitrates separate inde- 
pendently from a mixed aq. soln., and the hexagonal crystals of sodium nitrate 
which separate contain but a fraction of a per cent, of the potassium salt, and the 
rhombic crystals of potassium nitrate, a fraction of a per cent, of the sodium salt. 
D. J. Hissink says that mixed crystals separate from a molten mixture with less 
than 24 and more than 85 per cent, of pota.<isium nitrate ; he also observed a lowering 
of the transition point from the rhombohedral to the rhombic crystals in the presence 
of sodium nitrate, so tliat with six per cent, of the sodium salt no transformation 
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occurs. There may be an intermixture of crystals of the rhombohedral salt \vhi< li, 
says P. Groth, is not a tru" isomorphous mixture. 

P. W. Bridgman gave the equilibrium diagram shown in Fig. 77 for the 
raorphic forms of potassium nitrate; and the various transition temp, shown in 
Table LVII are selected from his values. For the triple point Il-III-IV, at 2 ] -.r 
and 2930 kgrms. per sq. cm. press., the change in vol. from II-III is 0‘01560 ; (11 1 \', 
0 02840; and II-IV, 0 04400 c.c. per grm., and the corresponding latent hfiils 
are 0 533, 2166, and 1'613 kgrm.-m. per grm. For the triple point I-II-HI, at. 

128’3®and 115 k.-grm. per sq. cm. pre.s8., the cbaneo 
in vol. from I-III is 0'01420 ; II-III, 0 00886 ; and 
l-ll, 0‘00534 c.c. per grm., while the correspoudiin> 
latent heats are 2’631, r778, and 4’409. No other 
forms were observed between 20° and 200° up to 
12,000 kgrms. per sq. cm. press. 

Rubidium nitrate forms rhombic bipyramidal 
(pseudo-hexagonal) crystals with axial ratios a :h:c 
=1‘7366 ; 1 : 0‘7108, which were formerly thought 
to be hexagonal.^® Similar remarks apply to csRsiuiii 
nitrate. Rubidium nitrate is trimorphous, caDsiuin 
nitrate dimorphous. The crystals of rubidium 
nitrate have a feeble positive double refraction, 
and, according to W. Schwarz, pass at 161 4° 
into a singly refracting variety belonging to the cubic system, and which, at 219®, 
pass into another negative doubly refracting variety which is stable up to the m.|). 
Caesium nitrate does not give the negatively doubly refracting variety, but after 
solidiheation, this salt is singly refracting and cubic down to 161°, when it passes 
into the pseudo-hexagonal form with a feeble positive double refraction. 

F. Wallerant found that when mixed crystals are formed with increasing pro- 
portions of rubidium nitrate, the transformation point of cajsium nitrate was 
lowered from 161°, until, with 75 per cent, of RbNOg, it reaches 145° ; the transition 
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Fig. 77.— Effect of Pressure on 
the Transition Temperature 
of Potassium Nitrate (Dia- 
grammatic). 


Table LVTI. — The Effect of Pressube on the Transition Temperatures of 

Potassium Nitrate. 


Press, 


I-III {2000 
1 4000 

I- II 1 

fr>io 

II- III 1 2350 

(2955 
(2665 
II-IV {5000 
(9000 


Transition temp. 


125*8® 

167*7® 

207*0® 

127*7® 

120 * 0 ® 

60*0® 

20 * 0 ® 

0 ° 

96*8® 

214*5® 


Changes In vol. c.c. 
per grm. 


0*01424 

0*01370 

0*01354 

0*0060 

0*01050 

0*01480 

0*01560 

0*04470 

0*02080 

0*02500 


Latent heat kgrm. m. 
per grin. 


2*609 
2*964 
3*264 
4*95 
1*867 
0*968 
0*544 
1*622 
J *543 
2*936 


point then rises with increasing proportions of rubidium nitrate. Rubidium nitrate 
forms with potassium nitrate mixed crj^^stals resembling the latter unless the soln. 
contains over RbNOa : KNO3—6 : 3, wlien the crystals arc pseudo-hexagonal. 
F. Wallerant has studied the formation of mixed crystals of caesium or rubidium 
nitrate with potassium nitrate by melting the two salts together. T. V. Barker 
failed to obtain parallel growths of the rhombohedral modification of potassium 
nitrate on oalcite, although he obtained the rhombohedral form of the nitrate from 
crystallizing drops of a soln. of the salt. When the growth of the rhombohedra 
has gone on for some time, the crystals rapidly pass into a crystalline aggregate 
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of the stable rhombic form. P. W. Bridgman represented the effect of press., 
expressed in atm., on the transition point of nibidinm nitrate by Fig. 79, and 



Fio. 78. — Potassium Nitrate (loft) and Sodium Nitrate (right) Crystals. 

on ciesium nitrate by Fig. 80, and by data from which Table LVIll is selected. 
No other forms were observed with jn-ess. up to 12, (XX) kgrms. per sq. cm. between 



Fia. 70. — ^Effect of Pressure on 
the Tianaition Temperaturo 
of Kiibwliuui Nitrate. 



Temperatures 


Fig. 80. — Effect of Pressure on 
tho IVansition Temperature 
of Caesium Nitrate. 


20'^ and 200'^. The phases which are analogous are numbered alike in tlie phase 
diagrams of rubidium and cinsiuni nitrates. Figs. 79 and 80. The crystallolumin- 
escence of potassium nitrate has been studied by E. Bandrowsky. 


Tablk LiVlII. — The Effect of Pressuue on the Transition Temperatures op 
Rubidium and Caesium Nitrates. 


Press. 

Rubidium nitrate. 


CsDslum nitrate. 


Trauslitou i 
temp. 

Chauj?e of vol. 
o.c. per grm. 

1 

Latent heat 
Kgrni. in. 
per grm. 

Transition 

temp. 

Change of voJ, 
c.c. per grm. 

Latent heat 
kgnn. m. 
per grm. 

1 

i 

164*4® 

0*00688 

3*04 

163*7° 

0*00406 

1*820 

1000 

174*1° 

0 00rt46 

3 03 

163*1° 

0*00387 

1*776 

4000 

201*4° 

OOO.'ilS 

2*80 

190*1° 

0*00334 

1*644 

6000 

218*6° 

0004.34 

2*63 

207*1° 

0 00298 

' ! 

1*646 


The Specific gravity of anhydrous lithium nitrate is 2 331 (17 5''), according to 
P. Kremers ; -0 and 2*442 (115''), according to L. Troost. For sodium nitrate, 
values ranging from 2*09 to 2*29 have been published ; the older values are too low — 
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Haigh give 2 266 (20") ; j. W. Retgets, 2-265 (15"). According to R. Lorenz, a 
cubic centimetre of the molten salt weighs 2-12-~0 0007d grms. at a temp, d" between 
320“ and 515°, G. Quincke gives the sp. gr. 2*26 at 0°, 1-878 at the m.p., and 
1-84 at 350°. For potassium nitrate numbers ranging from 2-086 to 2*143 hav« 
been published. In 1690, R. Boyle gave 1-900. The more recent values are 2*109 
(16°) by J. W. Retgets, 2*109 (20°) by P. L. Haigh. M. BeUati and L. Finazzi 
give 2‘1104 (0°), 2*1037 (17*25°), 2*0949 (40*05°), 2*0784 (77*20°), 2*0607 (114*5°), 
25)330 (130*6°), and 2*0199 (154*4°). J. W. Retgets obtained 3131 for rubidium 
nitrate; and T. W. Richards and E. H. Archibald, 3*687 for caesium nitrate. 
The following may be taken as the best representative values ; those for the 
rubidium and caesium salts are by P. L. Haigh : 

UNO, N»NO, KHO CfiNO, 

Sp.gr. . , . 2-388 2-267 2-10 3-112 3643 

Mol. v.ol. . . . 28-8 41-9 48-6 47-1 62-8 

F. M. Jager’s values for the sp. gr. of the molten alkali nitrates are indicated in 
Table LIX; for lithium nitrate at the sp. gr. D, water at 4° unity, is 
.Z)=»l*756— 0*()0054§(jP-r-300) ,* sodium' nitrate, D=l*914— 0*0006719(0— 300) ; 
potassium nitrate, D=i*898— 0*0007652(0— 300) ; rubidium nitrate, 

D,=2*492 -0 000972(0 -300) ; ahd eaesium nitrate, D-2-824-O*OOlll4(0-4OO). 
R. Lorenz and co-workers gave for fused potassium nitrate, Z)— 2*044— 0*0060, 
and for fused sodium nitrate, Da=2*12— 0*00070, 0: Sandonnini studied the sp. 
gr. of mixtures of sodium and potassium nitrates. 

According to W. C. R6ntgen and J. Schneider, 21 the mol. compressibility of 
soln. of the alkali nitrates with a molecule of the salt per 700 and 1500 mols. of 
• water is : 

HNO, Nn 4 NO, liNO, KNO, NaNO, 

700H,0 . . 0-981 0-964 0-934 0-930 0 922 

leOOHjO . . 0-968 0-908 0-870 0-863 0-863 

The capillary constant 22 of molten sodium nitrate, 02=8*55 sq. mm. ; and of 
potassium nitrate, 02=8*36 sq. mm. The surface tension of sodium nitrate is 
78*8 dynes per sq. cm., and of potasaiimi nitrate 69*8 dynes per cm. The (ihange 
of the capillary rise of molten potassium and sodium nitrates, or the variation of 
the mol. surface energy with temp., led J. P. Bottomley to assume that in the 
molten state, the molecules of these salts form complexes containing nine or ten 
simple molecules— -(KN03 )o-io or (NaNOslo-jo- The compressibilities of aq. 
soln. of lithium, sodium, and potassium nitrates of different cone, have been measured 
by W. C. Rontgen and J. Schneider, and F. Pohl ; of sodium nitrate by H. Gilbault. 
F. M. Jager’s values for the surface tension (dynes pet cm.), sp. gr., and mol. surface 
energy (ergs, per sq. cm.) are indicated in Table LIX. T. Martini, and G. Wertheim 


TabiiU LIX.— -Spboifio Gravixiks and Surface Tension of Molten Alkali Nitrates. 


Temp. 


T jMrk /368‘6'’ 

LiNO, (009.40 

NaNO,j*|J;®o 
KNO, JlSV 

BbNo,jf2;;s: 
csNo. {gjj: 


Surface tensJoii, 

8p. gr. 

1 

Surface energy. 

Temp, ooeff. per degre 

lU*i> 

1-723 

1304-6 

0*46 

96-2 

! 1-586 

1189-4 

i 0*45 

119-7 

t 1-900 

1608-6 

i 0*24 

93-7 

1*620 

1313*3 

0*61 

110-4 ' 

1*837 

1697 

! 0*62 

80-2 1 

1-637 

1 1307 

1 0*86 

107.5 1 

2*467 

1643*4 

0-78 

77-7 ! 

2*078 

1331-8 

0*78 

91-8 1 

2-796 

1634*4 ! 

0-42 

72-5 

2-506 

1321-0 - 1 

0*42 



I 




have measured the ydlodty of sound in soln. of sodium and potassium carbonate. 
The yjsbosity of molten sodium nitrate at 308° is 0*02909 ; 356°, 0*02284 ; at 



THE ALKALI METALS 813 


406®, 0’01780 ; and at 495°, 0‘t)132l ; for putassiam nitrate, at 333°, 0’02970 ; 
at 393°, 0'02216 ; and at 606°, 0‘01344, According to 0. E. Fawsitt, at the eutectic 
tenw. of a mixture of potassium and sodium nitrates, tlie viscosity is a mazimumj 
P. B. Davis and H. I. Johnson have studied the viscosity of soln. of the alkali 
nitrates in formamide, ethyl alcohol, and in glycerol. 

S. Arrhenius, K. Miitzel, and R. Beyher found the viscosity of N~, }tN-, ^N-, 
and JiV-soln. of sodium nitrate to be respectively r0655, 1'0259, 1'0122, and 1*0069, 
and for soln, of potassium nitrate, at 21°, respectively 0*9758, 0*9822, 0*9870, and 
0*9921 (water unity). According to J, D, R, Scheffer, 2^ the co^dent Of diflusion 
of r255iV- and 0*2^iV- soln, of potassium nitrate at 25° is 0*57 and 0*62 respectively ; 
and for l*375iV- and 0*122i\r-soIn, at 13°, respectively 0*77 and 0*90, For potassium 
nitrate, at 17*6, J, Thovert found with S’OA"- and 0*022V-8oln, diffusion coeff, of 
0*89 and 1*28 sq, cm, per day respectively. 

The melting point of lithium nitrate, according to T. Carnelley,2B ig 267°, and 
according to H. R. Carveth, 253°. For sodium nitrate numbers ranging from 
R. Lorenz and his co-workers’ 310° to H. R. Carveth’s 318° have been reported. 
For potassium nitrate, the numbers range from 334*5° to 246‘3°. H. W. B. Roozc- 
boom gives 334°. According to F. L. Haigh, rubidium nitrate melts at 313° ; 
and caesium nitrate at 407° ; T. W. Richards and E. H. Archibald give 414°. 
The following are representative values : 

mo, KaNO, KNO, UbXO, CsNO, 

M.p. . , 261“ 306-8“ 334-6“ 313“ 414“ 


It will bo observed that the m.p. of rubidium nitrate is lower than that of potassium 
nitrate, while that of caesium nitrate is higher. This is an unusual sequence in the 
properties of the alkali salts — see the 
solubilities for another irregularity. 

H. R. Carveth found a eutectic with 
64*5 per cent, of KNOj and 45*5 per 
cent, of NaNOg, at 218° ; with 66 
per cent, of KNO3 and 34 per cent, of 
LiNOs at 129° ; and with 53 per cent, 
of NaNOg and 47 per cent, of LiNOg 
at 204°. H. R. Carveth also studied 
the fusion point curves of ternary 
mixtures of lithium, sodium, and 
potassium nitrates. These three salts 
form homogeneous sola., and there 
is no sign of the formation of solid 
soln,, mixed crystals, or double salts. 

The fusion points of binary mixtures 
of these salts are represented by 



u/ta. 


Fio. 81. — Fusion Curves of the Ternary 
System: LiNO,— NaNO,— KNO,. 


points on the boundary lines of the triangle. Fig. 81 ; the pure salts by the apices 
of the triangle, and ternary mixtures by points inside the triangle. The bina^ 
eutectics are represented by A, B, and 0, and, in accord with A. C. van Rijn 
van Alkemade’s theorem, for systems of this type : In passing from the binary 
eutectic to the ternary eutectic there is a fall of temperatures, is illustrated by the fact 
that the three binary eutectic temp, are 218°, 129°, and 204°, while the ternary 
eutectic temp, is nearly 119°. F. Guthrie has also studied the ternary system : 
NaNOg — KNO3 — PbfNOgla, and the ternary system: ENO3 — KCl — HgO; A. W. C. 
Menzies and N. N, Dutt, the ternary system KNOg — NaNOg — CalNOgjgj and 
W. D Harkins and G. L. Clark, of KNOg—NaNOg— Ba(NOs)2 ; and KNOg— 
LiNOg—BalNOgjg. 

M. .Bcllati and L. Finazzi give 0*000191 for the coefficient of cubical ex- 
panrion of solid potassium nitrate at 20°, and between 6-8° and 121*9°, 
v*.eg(l-|-0*000181^-f0 0000002566*) and between 130*5° and 154*4°, 
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«=t)o(l-{-0'0002806d). The ooeR. of thermal expansion (cubical) of aq. sohi. 
of lithium nitrate, according to C. Forch, for soln. with 34‘5 grms. per litre 
0 000070 (0°-5°), 0000127 (5M0°). and 0 000392 (35°-40“) ; for soln. with 69 grms. 
of salt per litre these numbers are respectively 0'000146 (0°-5'’), 0 000190 (5°-l0’"), 
and 0 000412 {35°-40“) ; and for soln. with 138 grms. per litre, 0 000261 (0°-5"), 
0*000289 (5®-10°), and 0*000449 (34'’-40‘’). For soln. of sodium nitrate with 
42*5 grms. per litre 0 000114 (0“-6°), 0*000169 (5°-10"), and 0*000416 (35°-4U°) ; 
for soln. with 85 grms. pet litre, 0*000204 (0°-5“), 0*000253 (5°-10°), and 0 000440 
(35°--45®) ; and for soln. with 170 grms. per litre, 0 000349 (0®-5°), 0*000372 (5'’-10“), 
0*000507 (35'’-45°). Similarly, for soln. of potassium nitrate with 45*5 grms. per 
litre, 0*000099 (0^-5°), 0*000155 (5°-10°), and 0*000407 (SSMO") ; and for soln. 
with 91 grms. per litre, 0*000183 (0°-5“), 0*000223 (5°-10°), and 0*000430 (35°-40“). 
F. L. Haigh gives for the expansion of soln. of the alkali nitrates when the expansion 
at 20® is the standard of reference : 





LINO# 

NH4NO9 

NaNOg 

KNO3 

RbNOs 

CaNOg 

20°-0° 



. -421 

-43-J 

-52-4 

-48-2 

-49*5 


20°-10° 



. -25*3 

-25*7 

-31-0 

— 28-3 

-29*0 

- - 

20‘’-30'’ 



33*4 

34-4 

38-4 

35-5 

3()0 

36*1 

20“-40“ 



73*1 

72-1 

82*9 

78*8 

78*9 

79 r, 

20'’-60° 



118-6 

120*2 

132 0 

127*2 

127-4 

127*7 


6. Jager gives the heat conductivity of 20 and 44 per cent, sodium nitrate soln. 
as 94*9 with 90*4 respectively — silver unity — and for 10 and 20 per cent. soln. of 
potassiiun nitrate, 97*2 and 92*2 respectively. According to C. C. Person, the latent 
heat of fusion of sodium nitrate is 5*355 Cals, per mol. at 310*5° ; and of potassium 
nitrate 4*79 Cals, pei mol. at 339°. K. M. Goodwin and H. T. Kalmus’ value for 
potassium nitrate is 2*57 cals, at 333°. According to M. Bcllati and R. Romanesc, 
the heat of transition from the rhombohedral to the rhombic form is 11*89 cals. ; 
P. W. Bridgman, 11*6 cals. — vide supra. 

According to J. II. Schuller, 27 the specific heat of sodium nitrate is 0*2650 
between 27° and 59° ; according to H. Y. Regnault, 0*2782 between 41° and 98° ; 
according to C. C. Person, 0*41 between 320° and 430° ; and, according to K. M. Good- 
win and H. T. Kalmus, 0*388 between 235° and 333°, and 0*430 between 333° and 
367°. For potassium nitrate, H. Kopp’s value is 0*232 between 14° and 45" ; 
H. V. Regnault’s, 0*2388 between 13° and 98° ; K. M. Goodwin and H. T. Kalmus’, 
0*292 between 240° and 308°, and 0*333 between 308° and 411° ; and C. C. Person’s 
value for the molten salt between 350° and 435°, is 0*3319. The sp. ht. of aq. soln. 
of sodium nitrate in 10 mols. of water is 0*076 ; in 50 mols. of water, 0*918 ; and 
in 200 mols. of water, 0*975, at 18°. Similarly, for soln. of potassium nitrate with 
25 mols. of water, the sp. ht. is 0*832 ; with 50 mols. of water, 0*901 ; and with 
200 mols. of water, 0*966. 

The heat of formation of lithium nitrate, LiNOg, from its elements is 111*4 
Cals. ; sodium nitrate, 111*25 to 110*7 Cals. ; for potassium nitrate, 119 to 
119*5 Cals. The heat of solution of lithium nitrate is, according to J. Thomsen. 
LiNOa-f-aq, 0*3 Cal. ; and of sodium nitrate in 200 mols. of water, —5*03 Cals. ; 
M. Berthelot gives for the same salt with 235-470 mols. of water at 10°-15°, —4*7 
Cals., and F. L. Haigh, — 4*878 Cals. According to J. Thomsen, the heat of soln. 
of a mol. of potassium nitrate in 200 mols. of water is —8*52 Cals., and, according 
to M. Berthelot, —8*3 Cals, when in 280-560 mols. of water at 10°-15°. G. Staub, 
R. Scholz, and E. F. von Stakelberg have also measured the heat of soln. Q of 
potassium nitrate in water, and the latter gives for the decrease in the value of 
Q for n mol. of the salt in 100 grms. of water at 0°, ^=9550— 1500w cals. ; and "at 
15°^ ^s=s9100 — 1337*5w+143*8«2 cals. N. Galitzky has also studied the influence 
of alcohol on the heat of soln. of potassium nitrate in water, and found that a greater 
cooling occurs with alcoholic soln. than with water ; the maximum occurs with 
between 20 and 30 parts alcohol for 100 of water. S. U. Pickering found the heat 
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of soln. of lithium nitrate in alcohol to be 4*66 Cals. The best representative values 
are : 

mOg NaNOg JJHgNOg KNOg IlbNOg CsNOg 

Heat of soln. . 0 439 ~4-878 -0*261 -8*374 -8*780 -9*603 

F. R. Pratt has investigated the heat of dilution of potassium and sodium nitrates. 
J. Thomsen gives the heat of neutralization : HNOs+KOHaq ==27*54 Cals., and, 
according to M. Berthelot, when all are solid : HN03+K0H=KN0s+H20+42*2 
Cals. 

The solubility of the alkali nitrates. — The alkali nitrates are all very soluble 
in water ; lithium nitrate is peculiar in forming a number of hydrates, and in this 
respect it is related more with the alkaline earths than with the alkali family. 
P. Kremers first noted the formation of a hydrate by this salt. Rhombohedral 
crystals were formed above 10"^, crystalline needles 
below ; the former were considered to be anhydrous, 
the latter a 2^-aquo-salt. L. Troost also confirmed 
P. Krerner’s observations, and D. B, Dott showed, in £ 

1893, that P. Kremer’s 2|"hydrated salt is more probably 4 
a tri-hydrated salt, LiN03.3H20. The solubility data for | 
lithium nitrate determined by P. Kremers do not agree | 
very well with those of F. G. Donnan and B. C. Burt, ^ 
probably because the earlier workers on the solubility of 
salts did not pay sufficient attention to securing complete 
saturation, and a constant temp. Trihydrated lithium 
nitrate^ LiN03.3H20, crystallizes from aq. soln. at a of Lithium Nitrate, 
temp, below 29’6^ ; above 29*6*^ and below hemi- 

hydrated lithium nitrate» LiN03,iH20, is formed; and above 61*1'^, the anhydrous 
salt is the stable solid phase. The solubility of lithium nitrate is expressed as 
grams of LiN03 per 100 grms. of soln : 

Temp. . . . 0*r 

Solubility . . 34*8 

Solid phaso 
Transition point 

The cryohydric or eutectic temp, of the trihydrated salt is —IT'S*’, and the observed 
results are plotted in Fig. 82. The trihydrated salt melts at B, Fig. 82, the congruent 
m.p. 29'88“, at which temp, the crystalline trihydrated salt can be in equilibrium 
with two different sat. soln., one containing a larger and the other a smaller pro- 
portion of water than corresponds with LiNOg.SHoO. The transition point C of 
the trihydrated to the hemihydrated salt, 29’6°, is a little below the congruent 
m.p. of the trihydrated salt. 

The solubilities of the other alkali nitrates in grams per 100 grms. of soln., are : 



0® 

20^ 

40- 

60- 

80- 

100- 

120° 

NaNO, 

. 42*2 

46*7 

50*5 

54*9 

59*7 

64*3 

68-6 

KNOg' 

. 11-7 

24*0 

39 0 

52*0 

62*8 

71*1 

83-1 (12.'5‘’) 

RbNOg 

. 16*3 

34*6 

53*9 

66*7 

75*6 

81*9 

861 (118-3®) 

CsNOg 

8*54 

18*7 

32*1 

45*6 

57*3 

66*3 

68-8 (106-2®) 


The terminal numbers with potassium, rubidium, and cscsium nitrates represent 
the b.p. of sat. soln. at nearly^ normal press. ; for sodium nitrate the corre8])onding 
value is 67'6 (119°). Leterniinations of the solubility of sodium nitrate have been 
made by G. J. Mulder, Earl of Berkeley, A. Ditte, L. Maumene, A. Etard, etc.*® 
The solubility curve of sodium nitrate has been carried upwards : 781 (180°), 
83'5 (220°), 91’5 (225°), and 100 (313°), the last-named temp, represents the m.p. 
of the salt. According to L. C. de Coppet, the eutectic or cryohydric temp, of 
sodium nitrate is — 18'5°, and the eutectic mixture is not a definite hydrate, 
NaN03.7H20, as A. Ditte once supposed. A. Etard represents the solubility iS 


19-06'’ 

40-4 


29-97® 

66-42 


29-64® 

67-48 


LiNO,.JH»0 LiNO, 

61-r 
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At (k temp. 6°, between —15° and 64°, by /S«36‘0+0‘2784(9 ; and between (H 
and 313°, by (S=58‘0-}-0‘1686d, The solubility data for potassium nitrate 
G. J. Mulder, J. L. Anieae, A. Gerardin, A. Btard, H. Euler, H. Ost, A. Kohler 
W. A. Tilden and W. A. Shenstone, Earl of Berkeley, L. Tschugaefi and W. Chlopiii, 
etc., are available. For the solubility 8 of potassium nitrate at d° between --lo" 
and 69°, A. Etard gives./Ss=170-f^'7118d ; between 69° and 125°, )S=59 0-f ()-37nfl ; 
and between 125° and 338°, S=80+0*0938d. From 0° to 100°, H. Kopp gives 
«=13-32+0-5738d-f0017168d2+0000(X)35977^« ; and A. E. Nordenskjdld— log ,S 
• =d)'8755-|-0’002003d— 0'0000771762, Other^fermula? have been proposed i)y 

J, L. An^ae, etc. According to M. L. Frankenheim, the rhombohedral form of 
potassium nitrate is more solubl<f«^an the prismatic variety, and more rcarlily 
forms under-cooled soln. The data fo» rubidium tod ctesium nitrates are by the 
Earl of Berkeley. It will be observed that as case of the m.p. of the alkali 

nitrates the regular sequence is bre^n. with im hidinm nitrate, for its solubility 
is greater than that of potassium nitEa|i, while that of csesium nitrate is less. 

The general effect of salts with a lito ion is to depress the solubility of a nitratfs ; 
this is the case with mixtures of potassium and sodium nitrates examined by 
T. Carnelley and A. Thomson, and W. W. J. Nicol ; si with sodium nitrate and 
sodium hydroxide examined by R. Engel. J. N. Bronsted examined the effect 
of potassium hydroxide on the solubility of potassium nitrate. According to 
S. Tanatar, when an alkaline soln. of sodium nitrate is treated with hydrogen 
peroxide,' and after evaporation at 60° until crystallization begins, treated with 
alcohol, crystals of a salt, sodium peroxynitrate, NaNO3.H2O2.8II.2O, arc 
formed. Potassium nitrate, carbonate, and hydrocarbonate were examined by 
C. Touren ; sodium, potassium, and ammonium nitrates by A. Winkelmann.'*^ 
F. Biidorff, and C. J. B. Karsten. Mixed crystals are formed with potassium 
nitrate and silver or thallium nitrate, and the solubility of the alkali nitrate 
increases with increasing proportions of the other salts.^s A. Etard *1 has 
studied the effect of sodium chloride on the solubility of potassium nitrate iii 
water. W. Meyerhoffer 35 has studied the reversible reaction between sodium or 
potassium nitrate and ammonium chloride ; and F. Biidorff with potassium nitrate 
and ammonium sulphate. 

Analyses of the mineral darajmkite, by A Diotze,** agree with NBjSO 4 .NaNOs.H 2 O, 
hydrated sodium nltratosulpbate. it occurs in the Pampa del Toro (Atacama, Chili) 
monoclinic prisms with axial ratios a :b : c = l'6258 : 1 ; 0'7514 ; j8.^102“ 66 ' ; and tsp. gi'. 
2 203. J. C. G. do Marignac made artificial crystals of sp. gr. 21-97 by evaporating mixed 
soln. of the two salts; he thought his crystals had 1 ^H 20 , but A. von Schulten showed 
that they are identical with darapskito. The composition of the so-called nitroglavhcritG 
corresponds with a trihydiated sodiw trWtrati^lphate, 2 Na,S 04 . 6 NaN 0 ,. 3 H 20 , but whothev 
it is a mixture or true chemical individual is not clear. It is foimd in the nitre doposiis 
of Villanueva, Atacama. Analyses of some samples have half the above quantity of 
water.*’ Artificial crystals have been made. A. Massink studied the ternary system 
KjSOi— KNO,— H 20 at 36”,- the ternary system I/i 2 S 04 — LiNO.— HjO at 26“ and 36“; 
and Na 2 S()«— NaNO,— HjO at 10“, 20“, 26“, 30°, 34“, and 36“. He found the double salts 
lithium nltoato-SUlpbate, 9 Li,S 04 .LiNO,. 27 H 20 and llLijS 04 .LiNO,. 17 H 20 , exist at 35’ 
but not at 26“ ; sodlum nitrato^ulptute, NaNOj.NajSO 4 .H 2 O, docs not exist below 12 * 8 “ ; 
3 NaN 03 . 4 NajS 0 , is stable between 20“ and 36“ ; and 3 NaN 02 . 2 Na 2 S 04 , between 30“ 
and 36°. 

Sodium and potassium nitrates ate soluble in liquid ammonia, and the soln. 
are good electrical conductors. According to F. M. Baoult, the dry salts absorb 
no ammipnia, but a cone. soln. of sodium nitrate dissolves as much ammonia as an 
equal volume of water, and a cone. soln. of potassium nitrate, more ammonia than 
water. R. Abegg and H. Riosenfeld found the tension of N~, and l-SN-soln. 
of potassium nitrate in N-soln. of ammonia at 25°, had vap. press. 14*59, 16'61, 
and 16*76 mm. respectively, when the N-ammonia alone had a vap. press, of 13*45 
mm - F. Ephraim prepared lithium tetrammino-nitrate, LiN08,4NH3, as a syrup 
more , stable than the corresponding tetrammino-ohloride. The electrical con- 
ductivities and the lowering of the f.p. of soln. of potassium nitrate 3® in soln. 
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of liquid hydrogen cyanide, show that the salt is ionized even moxe than in water, 
a fact thought to explained by the high dielectric constant of the solvent. 
According to C. G. Gmelin,^ lithium nitrate is soluble in cone, ethyl alcohol ; solu- 
bility data for sodium nitrate in ethyl alcohol have been given by J. J. Pohl, 
G. C. Wittstein, A. E. Taylor, H. A. Bathrick, and G. Bodlander ; and for potassium 
nitrate by A. G4rardin, G. Bodlander, and H. A. Bathrick. The results can be 
represented by a general formula of the type (a;+a)(y-f 6)"==constant, or (x-\-a)y 
—constant, where a, h, and n are (Miuatants, n is independent of the temp., and 
a and 6 vary with temp. ; x represents the solubility of the salt, and y the amount 
of alcohol (or acetone) in grms. ptj^ 100-^ grms. of water. According to 
C. A. L. de Bruyn, 100 grms. of absoluW pethyl alcohol at 25® dissolve 0‘41 grm. 
of sodium nitrate, and 100 of ethyl alcohol at 25® dissolve. 0‘036 grm. 

of the same salt. According toi^^E. Tay^, at 30®, for alcohol of different per- 
centage amounts p of C2HbOH, wO grms. Jksoln. dissolve in w grms. of NaNOs 
at 30® : p=5, w=46'41 ; p=10, w=43‘5d p p=30, w=31 '31 ; p— 50, w=:18‘94 ; 
p=70, w=7’81 ; 90, w=l'21. Similarly, for potassium nitrate, for 100 grms. of 

aq. alcohol with p per cent, of C2H5OH at 30° : p==8’25, tP— 32’3 ; p=17, w=22"4 ; 
p=s44'9, tpi=7‘0 ; /3=65, zp=2‘7 ; p— 88, 0'4. A. Gerardin also showed that the 

solubility in alcohol rises with temp, from 17 grms. of salt per 100 grms, of 5‘5 
per cent, alcohol at 10° to 93 grms. of salt at 60° ; and with 90 per cent, alcohol, 
gramO'2 at 10® to I’l at 60°. The ternary systems alcohol — water — salt have been 
studied by G. Bodlander, A. E. Taylor, and 1£. A. Bathrick. According to A. Schlamp, 
potassium nitrate is insoluble in propyl alcohol. The solubility of sodium or 
potassium nitrate in aq. acedone has been studied by A. E. Taylor, and H. A. Bathrick. 
100 grms. of a 16'8 per cent. soln. of acetone dissolve 78'3 grms. of sodium nitrate, 
and 38'9 grms. of potassium nitrate ; similarly, 44'1 per cent, acetone dissolves 
46'2 grms. of sodium nitrate, and 17'0 grins, of potassium nitrate ; and 87'6 per 
cent, acetone, 3‘2 grms. of sodium nitrate, and 0*7 grm. of potassium nitrate. 
According to A. Kohler, 100 grms. of a sat. soln. contain 61*36 grms. of sttgar and 
11*45 grms. of potassium nitrate, at 31*25®. According to A. Vogel, 100 paits of 
glycerol, sp. gr. 1*225, dissolve 10 parts of potassium nitrate. 

The spedfic gravities of aqueous solutions of lithium nitrate at 19*5®, by 
P. Kremers^i are 1*069 for a soln. of 12*7 grms. of the salt pot 100 grms. of water, 
and 1*197 for 41*8 grms., 1*319 for 79*4 grnrs. P. Kremers, H. Scluff, and others 
have measured the sp. gr. of soln. of sodirun nitrate. H. Schiff gives at 20*2° : 


Per cent. NaNO* 
Sp. gr. . 

n 10 16 20 

. 1*0.33 1*068 1*103 1*142 

30 

1-224 

40 

1-315 

50 

1-418 

G. T. Gerlaoli gives for soln. of potassium nitrate at 15® : 




Per cent. KNO, 
Sp. gr. 

1 2 5 10 

. 1*00641 1*81283 1*03207 1*06524 

15 

109977 

20 

1-13599 

21 

1 1 4361 


F. L. Haigh gives for the sp. gr. of N~ and ^2\^-soln. of the alkali nitrates, at 20°/4° : 


UKO, NaflO, KNO, UbKO, CsNO, 

A* -soln. . . 1*03803 1*0.3043 1 06386 1 05954 1*10083 1*14091 

JiV-aoltt. . . 1*01830 1*01460 1*02646 1*02932 1*04989 1*07001 

S. Lussana foimd that the temp. 6 of maximum density of 0*65 and 1*30 per cent. 
Boln. of potassium nitrate is related with the press, p respectively by 
d=:2*89— 0*0133{p— 1), and d— 1*84— 0*0124(p— 1). The lowering of the vapour 
pressure of aq. soln. of lithium nitrate at different temp, has been measured by 
G. Tammann, and by A. T. luncoln and D. Klein ^ at 25°, and the results show 
that the relative lowering of the vap. press, with increasing cone, increases in 
accord 'with the assumption that the salt forms hydrates in aq. soln. The vap. 
mess, of aq. soln. of so^um nitrate have been measured by C. Dieterici, A. Smits, 
W. W. J. Niool, G. Tammann, and by A. T. Lincoln and D. Klein. According to 
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A. Speransky, the vap. press, p of a sat. soln. of sodium nitrate at T® K. can be 
represented by Bertrand’s formula log p=7‘5172+50 log [(T— 74*8)/r]. The 
mol. wt. calculated from the lowering of the vap. press, corresponds with a very 
large percentage ionization, and the decrease which occurs with an increasing cone, 
shows that there is a disturbing factor — hydration. Similar remarks apply to the 
results with potassium nitrate soln. G. Tammann has studied the lowering of the 
vap. press, of water, at lOi)'*, by soln. of the alkali nitrates. E. B. R. Prideaux 
studied the vap. press, of soln. of sodium and potassium nitrates, and studied the 
deliquescence and drying of these salts. 

Anhydrous lithium nitrate is very deliquescent ; and sodium nitrate is also 
deliquescent. Since the last-named salt becomes damp on exposure to the air 
it cannot be used for some purposes for which potassium nitrate is applicable. 
Potassium, rubidium, and csesium nitrates do not deliquesce under the same 
conditions, although G. J. Mulder showed that if potassium nitrate be 
confined under a bell-jar over water at 14"^ to 20°, it docs deliquesce ; and 
E. L. Kortright found the same salt at 20° to deliquesce when the partial press, 
of the water vapour exceeds 15*5-1()T) mm., and sodium nitrate when the partial 
press, of the water vapour exceeds 12*3-13*5 mm. A salt can bo deliquescent only 
when the press, of the water vapour from its sat. soln. exceeds the partial press, 
of the water vapour in the surrounding air. If be the va])., press, of water, p, 
the vap. press, of a sat. soln. of the salt containing >S grms. of salt per 100 grms. of 
water, and k be the constant of proportion to be evaluated from the c)bserv(jd data, 
R. Emden has shown that Sk^(p—j)xil'py which eneblcs p^ to be computed from 
the values of p and S. The deliquescence press, of the water vapour for sodium 
nitrate at 0°, 10°, 20°, and 30° is then 3*5, 6*9, 12*8, and 22*6 mm. respectively, and 
for potassium nitrate, 4*4, 8*7, 16*0, and 28*3 mm, respectively. 

The boiling point of a sat. soln.^'^ of lithium nitrate is 200° ; sodium nitrate, 
120*2° ; and potassium nitrate, 115*549°. A. Hmits found a second b.p. with sat. 
soln. of sodium nitrate at 310°, and with potassium nitrate at 311°. The ni.p. 
may be regarded as a terminal point on the solubility curve, and since the curve 
showing the vap. ])ress. of sat. soln. xisually liscs with temp., it follows that since 
the non-volatile salt has no vap. press, at its m.p., there must be a maxiniiim in 
the vap. press, curve. If this maximum be greater than the atm. press., so must 
the sat. soln. have two b.p, A. iSmits has studied the b.j). of soln. of sodium 
nitrate and found the mol. lowcting decreases from 0*95° with soln. containing 
0*0462 mol. per litre to 0*89° with soln. containing 0*863 mol. per litre. Similarly, 
with soln. containing 0 0499 and 6*993 mols. of potassium nitrate per litre, the 
mol. lowering of the b.p. falls from 10° to 0*669°. 

The freezing points of aq, soln. of lithium nitrate show that in dil. soln. the 
solute is largely ionized, but that in cone, soln., the mol, lowering of tlic f.p. is 
greater than corresponds with complete ionization, and this is explained, as in 
analogous cases, by assuming that the ions of the solute are hydrated. Similar 
remarks apply to the mol. lowering of the f.p. which falls from 3*6° to 3*15° in 
passing from soln. with O OKXJ to soln. with 1*000 mol. per litre. Likewise with 
potassirim nitrate, there is a drop fi*om 3*5° to 2*66° in passing from soln. with 0*0100 
to soln. with 1*000 mol. per litre. According to W. Biltz,^^ with rubidium nitrate 
the mol. lowering of the f.p. falls from 3*6° to 2*64° in passing from soln. with a 
cone, ot 0*0393 to those with a cone, of 0*8293 mol. per litre. The corresponding 
degrees of ionization are a~-0*941 and 0*429 respectively ; and W. Ostwald’s 
constant K^a-l{l—a)v simultaneously falls from 0*47 to 0*27, as also occurs with 
other strong electrolytes ; on tlie contrary, W. Biltz found that soln. of cinsium 
nitrate behaved more like weak electrolytes in that the depressions of the f.p, 
are 0*028°, 0*460°, ctnd 1*267° with soln. containing respectively 0*00766, 0*1421, 
and 0*4339 mol. per litre. The corresponding degrees of ionization are respectively 
a“0*98, 0*75, and 0*578 ; and the values of Ostwald’s constant, 0*33, 0'e32, and 
0*34 respectively. Lithium and sodium nitrates have a strong negative double 
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refraction, that of potassium nitrate is weaker, while rubidium and csesium nitrates 
have a feeble positive double refraction.47 The refractive indices of sodium nitrate 
for the ordinary a> and extraordinary € rays are : 







ZT-line 

NqNO, 


, 1 -579.3 

1*5803 

1*5954 

1-6260 

\€ 

. 1-3340 

1 -3358 

1 3374 

1-3440 


ja 

. 1 -3328 

1 ‘3340 

1-3305 

1 -3436 

KNOa 


1 -4988 

1*5050 

1-6124 

1-6385 


(y 

. 1 *4994 

1 -5064 

1-6135 

1 -5406 

The index of refraction of soln. of the alkali nitrates at 20° for sodium light is : 



LiNOj NH^NOa 

NaNOa 

KNOg 

llbNOa C8NO3 



. 1-34123 1-34251 

1-34174 

1-34182 

1-34268 1-34492 

JiV-soIri. 


. 1-33048 1-33770 

1-33751 

1-33743 

1-33785 1-33902 


For rubidium nitrate the refractive indices for the Z)-Iine in the direction a is 
approximately 1*51 ; jS, 1*52 ; y, 1*524. J. H. Gladstone and W. Hibbert^® give 
for tlie mol. refraction for the /)-line of a 5*12 per cent. soln. of lithium nitrate, 
17*72 ; and for a 42*18 per cent, soln., 17*91 ; for a 44*35 per cent. soln. of 
sodium nitrate, 18*53 ; and for a 4*70 per cent. soln. of potassium nitrate, 22*24 ; 
and for a 17*55 per cent, soln., 22*2b. The magnetic rotations^® of 18*17, 26*16, 
and 56*56 j)er cent. soln. of lithium nitrate are respectively 0*9637, 0*9477, and 
0*8661, or the mol. rotations are 18*195, 11*799, and 4*068 respectively. The alkali 
nitrates are diamagnetic.^^ L. i^Jrons gives the dielectric constant of potassium 
nitrate as 2*56, 

In 1801, H. Davy stated that fused potassium nitrate conducts electricity. 
M. Faraday also made observations on this subject. The electrical conductivity 
of solid sodium nitrate at 52^‘ is 0*662 X 10 “i- reciprocal ohms; at 200% 
0*176x10-^: and at 289'", 0*155x10*“^; for the molten salt at 300% 0*441; 
and at 356'", 0*666 reciprocal ohms. K. Foussereau also found for solid 
potassium nitrate, a conductivity of 0*312x10“'^- at 30*^; 0*568 X 10 at 100^; 
0*106 XlO""^ at 200*" ; and 0*310X10“^ reciprocal ohms at 3(.)0'". For the molten 
salt at t355‘’, R. Foussereau also found 0*7656 reciprocal ohm at 355°, and 
L. Graetz, 0*8631 at 380°. F. M. Jiiger and B. Kampa measured the molecular 
conductivity, fi, of lithium nitrate at elevated temp, and found for temp, between 
272 and •187*3'^, ft,--4ri4-“(»*238(0— ,*100) ; for sodium nitrate between 321*5° 
and 487*3°, /x-^41 •564 O’^O5(0— 3(K)) ; for potassium nitrate between 346*1° and 
e500*4% /i=36*21 + 0*1875(0— 350) ; for rubidium nitrate between 318*8° and 
493°, /X— 33*51 +0*145(0- -3(X)) ; and for cuesium nitrate between 446*6° and 
566*3°, /lx---42'13“| 0*120(0— 300). C. Sandonnini measured the conductivity of 
fused mixtures of potassium and sodium nitrates. P. Walden studied the relation 
between the conductivity and viscosity of aq. soln. of lithium nitrate, etc. The 
eq. electrical conductivities, A, of soln. ^2 containing a mol. of the nitrate in v 
litres of water at 25°, are ; 


V 


32 

04 

128 

250 

512 

1024 

LiNO, 


97-9 

100-7 

104-1 

100-0 

108*2 

108*7 

JSTaNOa . 


. J08-2 

111-8 

114-7 

117-5 

119-4 

120-1 

IvNOa 


. 128-0 

132-4 

130-4 

139-5 

141-7 

141-8 

KbNTOa . 


. 131-0 

134-4 

137-25 

141-1 

142-3 

U3-5 

CsNOa 


. 134-2 

138-2 

139-3 

141-9 

144-7 

140*4 


Unlike the results calculated for degrees of ionization from the depressions of the 
f.p., the values of Ostwald's constant computed from the electric conductivities 
of sola, of rubidium nitrate show jnarked deviations from constancy and they are 
thus constant with results with other strong electrolytes— the rubidium ion Rb* 
and the NO'3-ion are among those with the greatest electro-affinities. The electrical 
conductivity of lithium nitrate is greater in methyl alcohol than in water, but in 
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mixlnues of methyl or ethyl aloohol and water there is a minimum in the electrical 
conductivity corresponding not with a minimum value in the degree of ionization, 
but with a maximum value in the viscosity of the solvent. The decomposition 
potential of normal lithium nitrate soln. is 2'11 volt. 0. Gropp measured the 
effect of temp, on the conductivity of liquid and frozen soln. of sodium nitrate. 
The temp, coeff . ** of 0*01N-soIn. of sodium nitrate is 0 0226 between 18° and 
26°, and for potassium nitrate between 18° and 52°, 0‘0223. E. Horngacker 
studied the products of the electrolysis of soln. of potassium nitrate by alternating 
and continuous currents ; and W. Chauffal, likewise, of soln. of sodium nitrate. 
The transport numbers ^ of the anion, NO'g, in 0‘52V- and iAT-soln. of sodium 
nitrate are respectively 0'629 (19°) and 0'600 (9°) ; and with OTN-soln. of potas- 
sium nitrate 0 497 and 0*487 respectively. G. Carrara has measured the transport 
number for lithium nitrate ions. A. Heydweiller gave respectively 2*72 and 4*99 
for the dielsotrio constant of powdered and compact potassium nitrate ; L. Arons 
found 2*18 for sodium nitrate, and 2*56 for potassium nitrate. 

According to J. 8. Stas,®® a soln. of lithium or potassium nitrate which has 
been melted, blues red litmus. According to J. Scobai, potassium nitrate is not 
decomposed at 410°. When heated to redness, the alkali nitrates first give off 
oxygen, forming the alkali nitrite, MNO2, for example, 2KN03=^2KN02-f02 ; 
then a mixture of oxygen and nitrogen is given off and a mixture of the alkali 
oxide and peroxide is formed. If the operation is conducted in earthen or glass 
vessels, some alkali silicate is formed ; metal vessels are also attacked — ^silver and 
gold less than platinum.®® Under press., the decomposition is hindered ; thus, 

G. J. B. Karsten claims to have heated potassium nitrate for 15 minutes to a red 
heat in a copper vessel without decomposition. According to F. Reich and H. Rose, 
the nitrate is decomposed when fused with siliceous materials, forming an alkali 
silicate. When dried and powdered nitre is tMtown on red-hot charcoal or when 
powdered charcoal is sprinMed on fused nitre, rapid combustion occurs, possibly : 
4KN03+8C=2K2C03-l-3C02-f-2N2, so that one volume of solid nitre will give 
nearly 3000 times its bulk of gas, and it is this fact which renders nitre avaUablo 
for use in the manufacture of gunpowder — a mixture of carbon, sulphur, and nitre. 
According to A. Cavaazi,®’^ a mixture of nitre with sodium thiosulphate, Na2S203, 
is also explosive, so also is a mixture of sodium hypo])ho8phite, NaH2P02, and 
nitre a powerM detonator: NaH2P02-f-2NaN03=Na3P04-fH20-l-N02+N0. 

H. Rose says powdered potassium nitrate copiously absorbs the vapours of anhydrous 
sulphuric acid, H2SO4, to form a pasty mass ; and, according to C. Schultz-Sellack, 
potassium nitrate unites with liquid sulphur dioxide, forming a mixture or com- 
potmd of the alkali nitrite and sulphate. 

According to E. Laurent,®* a soln. of sodium nitrate is decomposed in sunlight 
with the evolution of oxygen, while in darkness it is stable. Zinc dust reduces a 
soln. of potassium nitrate to the nitrite and hydroxide with the evolution of some 
oxygon ; above 60°, only a little nitrite but jnuch nitrogen and ammonia are 
given off.®® The copper-zinc couple also reduces soln. of the nitrate, first to nitrite, 
and then to ammonia. Potassium amalgam, stannous chloride, etc., also reduce 
the nitrates in a similar way. 

According to C. Schidtz,*® 100 ^ms. of nitric acid, HNO8.H2O, dissolve 0*5 grm. 
of lithium nitrate ; 1*5 grms. of sodium nitrate ; or 71 grms. of potassium nitrate ; 
rubidiuxa and csesium nitrates also dissolve readily in the acid. According to 
R. Engel, when nitric acid is added to a sat. soln. of potassium nitrate, at 0°, each 
mol. of HNO3 precipitates a mol. of the salt until about 30 mols. have been 
displaced, when the solubility of the salt in the acid increases, probably owing to the 
formation of acid nitrates. Expressing the cone, of the nitric acid, HNO3, and 
potassium nitrate in grams per 100 grms. of soln., R. Engel found at 0° : 

HNO, . . 0 .3-71 8'38 13-68 i»-47 .30-04 4286 76-96 

KNOa • • 12-66 1002 8-38 7-49 7 49 7-68 10-42 28-64 
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Thfi increased solubility of the potassium nitrate when the cone, of the acid exceeds 
about 19'47 per cent, is attributed to the formation of acid or hydro-nitrates. 

Definite acid nitrates of potassium, rubidium, and csesium have been isolated 
by H. L. Wells and F. J. Metzger, and E. Groschuff. The solubility curve of 
potassium nitrate expressed in mol. of salt per 100 mols. of the soln. of nitric acid 
of sp. gr. 1*5, is indicated in Fig. 83. Potf^um dihydto-llittate, KNO3.2HNO8, 
was prepared by B. Groschuff, by dissolving 101 '6 grras. of potassium nitrate in 
126'1 grms. of nitric acid, sp. gr. 1'5, and cooling the soln. by a freezing mixture. 
Prismatic crystals, melting at 22°, separated out. The dihydro-niteate and the 
normal nitrate form a eutectic, melting at 21°. This salt was made by A. Ditte 
in 1879, and by H. L. Wells and F. J. Metzger in 1901. Potasshtm hydfO-nitll^e, 
KNO3.HNO3, is difficult to make, since it readily forms supersaturated soln., and 
is very hygroscopic ; it is decomposed by water. It is obtained in crystalline plates 
by keeping a supersaturated soln. between 22° and 28° for some time. It is also 
made by freezing a soln. in a mixture of carbon dioxide and ether, and warming 
the mass as rapidly as possible to 23°, and holding it there some time. Betw'een 
28° and 29° the hydro-nitrate decomposes into the neutral salt and acid soln. ; while 
the hydro-nitrate is decomposed by water, the dihydro-nitrate dissolves in water 
without decomposition. The soln. of these two compounds, as well as others, is 
aa interesting illustration of the fact that monobasic acids — like nitric and hydro- 
chloric acids — can form sCcid salts, and that hydrofluoric 
acid docs not necessarily owe its remarkable tendency 
to form acid salts to its being dibasic, H^Fg. 

The monoacid nitrate—robidiam bj^co-nitrate, 

RbN03.HN03 — ^is prepared in small octohedral aystals 
melting at 62°, by saturating nitric acid of sp. gr. 1'42 
with the normal nitrate at a geuth heat, and cooling by 
means of a freezing mixture. Sman octohedral crystals of 
the corresponding csesium hydro-nitrate, CSNO3.HNO3, 
are obtained in a similar manner, but a freezing mix- 
ture is iiot necessary. The crystals melt at 100°. 

Potassium dihydro-nitrate, KNO3.2HNO3, and likewise 
rubidium diacid nitrate, or rubiffium dibydio-nitrate, 

RbN03.2HN03, are obtained, in' colourless transparent 
needle-like crystals, melting between 39° and 46°, by dissolving the normal nitrate 
to saturation in nitric acid of sp. gr. P50, and cooling, by_ means of a freezing 
mixture, below 0°. Colourless transparent plates of CSBSium dihydro-llitrate» 
CSNO8.2HNO3, melting between 32° and 36°, are obtained in a similar manner. 
All the acid nitrates give off nitric acid more or less readily on exposure to 
air, and rubidium dihydro-nitrate decomposes rapidly. Rubidium hydro-nitrate 
and the two csesium salts arc more stable. The monoacid salts can be preserved 
indefinitely in sealed tubes. The acid nitrate, RbN03.24HN03, reported by 
A. Ditte, is probably the impure diacid salt. A. Ditte’s conclusion is based on an 
ansdysis of the solution obtained by saturating nitric acid, HNOs, with rubidium 
nitrate. 



Fig. 83. — Solubility of 
Potaasium Nitrate in 
^Nitric Acid. 
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§ 37. Otmpowder 

Of the mischievous composition and diabolical abuse of giuipowder much mi;^t be 
written ; but because the present world taketh delight only m shedding innocent Wood, 
and cannot endure that unrighteous things should be reproved, and good things praised, 
therefore it is best to be silent.— J. R. GiiAOBBE (1658). 

•If potassium nitrate be mixed with powdered charcoal, and heated, the two 
luateiials react with explosive violence, forming potassium carbonate, lutro^, 
and carbon dioxide : iKNQs+SC^^KfiCOa-l-^a+aCOg. The volume of t^ 
imses produeed is so much greater than that of the original volume of the imx^ 
BoUds that if the powder be, ignited in a closed space, the expanding gases give th 
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mixture its characteristic propelling, tearing, and splitting powers. It was soon 
found that the explosive effect was augmented if the nitre and charcoal be mixed with 
sulphur, so that instead of a residue of solid potassium carbonate a mixture of solid 
potassium sulphide, sulphate, and carbonate was obtained. The mixture is called 
gunpowder. The action of the sulphur is : (i) To lower the temp, of ignition of the 
powder ; since sulphur inflames near 250^, and by its combustion raises the temp, 
to the fusion point of saltpetre, 335*^. This latter temp, would be near the ignition 
point of the powder without sulphur, (ii) The sulphur also increases the speed 
of the combustion. 

According to the old theory of the reaction : 4 KNO 3 + 2 S+ 6 C— 2 K 2 S+ 2 N 2 
+6002, it follows that the theoretical mixture will contain 404 gnus, of potassium 
nitrate ; 64 grms. of sulphur ; and 72 grins, of carbon. Otherwise expressed, 
75 per cent, of nitre ; 12 per cent, of sulphur ; and 13 })er cent, of charcoal. This 
very nearly represents the average composition of gunpowder for the standard 
mixture for dried service gunpowder is : nitre, 75 ; charcoal, 15 ; sulphur, 10 — in 
many sporting powders, the proportion of nitre is rather greater than this. 
With military powder great propulsive force is required ; with sporting powder, 
quick ignition and combustion ; and with blasting powder, a large volume of gas 
at a high temp. The effectiveness and utility of black powder depends not only 
on its composition, but also on the intimacy of the admixture of the various com- 
ponents, the density and uniformity of the grams, and the grain-size of the particles. 
The followng will give some idea how gunpowder is manufactured : 

The three ingredients ore first (1) purified, if nece.ssury ; and then (2) ground to powder. 
The nitre and sulphur are pulverized together in rotating iron or wooden drums containing 
bronze balls ; and then (3) intimately mixed with the desired proportions of charcoal 
previously pulverized. The mixing is effected in rotating drums of thick U'ath^r containing 
hard-wood balls. Various other modes of mixing and pulverizing arc also used. The 
loose powder so obtained — the green chargo- -is not used for gunpowder, but it ran bo used 
in the manufacture of fireworks. (4) The powder is then moistened with 10-20 per cent, 
of water, and milled in an incorfjoratir^g mill for a few hours. (5) The mass is then j^assed 
through a pair of fluted bronze rollers when it forms the so-called mill-cake, (6) 'J’ho 
latter is passed through plain rollers so os to break it into what is called meal. (7) The 
meal is pres.sc<l into cakes under high press.— A t — and the product is now gun- 
powder. (8) I'Jie preS8-cako is then granulated by pressing it through successive seds of 
gxm-motal or bronze fluted rollers, whence it ]>ass<.^s through vibrating sieve.s, where the 
grains are sorted into various grades of approximately uniform size. (9) I'he gunpowder 
is then slowly rotated in wooden drums, when mere friction imparts to the surface of the 
grains a fine glaze or polish, and at the samo time tho slnirp corners of the grains fue 
rounded off, and the pores closed \ip. With the coarse-grained powdt^rs, a little graphite 
may be added to tho charge in the glazing drum. (10) The polished j>owder is dried, and 
“ finished ” in a second rotation in a polishing machine. (11) Thf) “ finished ** powder is 
blended by mixing together different proportions of different batches so as to give as 
uniform a quality of gunpowder as jiossiblo. 

A. V. P. d’Antonj noticed,^ in 1765, that the more rarefied the atm. in which 
the powder btirns, the more difficult is the ignitiem, and that the powder melts when 
heated in vacuo. Similar results were obtained by G. W. Muncko (1817). 
J. N. Hearder (1865) electrically heated a platinum wire in contact with gunpowder 
in vacuo, no explosion occurred, the nitre melted, and sulphur sublimed ; but 

B. U* Bianchi (1862) found that under similar conditions the powder burned slowly 
without deflagration ; and M. Heeren (1886), and F. A, Abel (1869), showed that 
under a press, of 150-510 mm. the grains in the immediate vicinity of the walls 
of the vessel melted and sulphur sublimed ; and, as indicated by B. U. Bianchi, 
after a time the grains ignited and scattered the un-ignited powder about the 
exhausted vessel. At a press, of 760 mm. the po^vder inflamed in a few seconds. 
F. Hauksbeo (1702) found a cubic centimetre of black gunpowder gave 232 c.c. of 
gas reduced to standard conditions ; B. Robins (1742) found 244 c.c. ; and 

C. J. Brianchon (1822), 400 c.c. J. L. Gay Lussac and M. E, Chevreul are said to 
have first analyzed the gases and solid residue formed during the combustion of 
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gunpowder. J. L. Oar Lussac obtained litres of gas from 900 gnus, or one 
litre of powder. The gas contained approximate!}^ : 

CO2 N3 CO NO oil,* 

44-3 35-7 4-8 7*7 0T> 7*9 per cent 

The solid residue contained potassium sulphate, carbonate, sulphide, and poly- 
sulphides. 

R. Bunsen and L. Schischkof!,^ and J. Linck examined the products of com- 
bustion under relative low press. ; and L. von K4rolyi, A. Vignotti, N. Federoff, 
and B. F. Craig under high press. The results show that the products of combustion 
differ when the explosion is produced under a low and under a high press, such as 
must occur when gunpowder is employed as an explosive. Under low press., for 
example, potassium sulphate remains, but under high jiress. the sulphate is reduced 
to sulphide. A. Noble and F. A. Abel (1874-1880), and IL Debus (1882) made exten- 
sive experiments on the combustion of black powder. The results \vith pebble 
powder, P, and blasting powder, B, under press, arc as follows : 

Oasoous products (mean ) — P . . 44*01; and B . . ol *35 per cent. 

COg CO No HjS C2H4 Ha 

r . . . 2()*4.5 4*69 11*39 1'27 0 07 0*06 

B ... 22*79 15*22 8*58 3*89 0*70 0*17 

Solid products (mean) — P . . 55*97 ; and B . . 48*65 per cent. 

K2OO3 K2SO4 Ka^^2 KOyS KNU3 NH4CO3 S C 

P . . . 33*44 6*93 0*57 0*18 0 13 0 06 4*20 — 

B . . . J9-46 0*28 17*45 1*38 0*04 0*84 6*64 0*95 

In some cases free oxygen was observed as was first noted by R. Bunsen and 
L. Schischkoff. Fine-grained powders give a smaller proportion of gaseous products 
than coarse-grained powders ; and the coarse-grained powders less than pellet 
powders. 

According to If. Debus, the combustion of the powder takes place in two con- 
secutive stages : (1) An oxidizing reaction which occupies a very short space of 
time, and which constitutes the explosion. Here potassium sulphate and carbonate, 
carbon dioxide, nitrogen, and possibly also carbon monoxide, are formed — say : 
lGKN03-l-13C+58=^3K2C03-f5K2S04+9C02+4CO+8N2,8omesulphur and carbon 
are not acted upon. (2) A reducing reaction which occurs while the products of 
the first stage are under great preps, and at a very high temp, and in which .some 
potassium sulphate is reduced by carbon : 4KoS04-f 7C— 2K2CO3+2K2S2+5CO2, 
and potassium carbonate by sulphur: 4K2CO3+7S— K2SO4 “{-3X280 -}'4C02. A 
little sulphur unites with the metal of the gun, and a little with the hydrogen 
and moisture occluded by the charcoal. Making a small allowance for this, the 
combustion of service gunpowder can be represented : I6KNO34-2IC+5S 
— r)K2C03*+-K2S04+2K2S2+13C02+3C0+8N2. A gram of powder, therefore, 
gives 264*6 c.c. of gas at ii.p.t. A. Noble and F, A. Abel found 263*74 c.c. They 
also found the heat of combustion to be 714*5 Cals, per gram of powder. They 
also add : “ The decomposition which an average gunpowder undergoes when 
fired in a closed space cannot be represented by even a comparatively complicated 
chemical equation.’’ 

The potential energy of an explosive depends on : (1) The volume of gas 
generated — calculated for purposes of comparison purposes at 760 mm. and 0*^ ; 
and (2) on the temp, developed on explosion, whereby the gases are expanded 
enormously. A. Noble and F. Abel estimate the total work theoretically performable 
is 332,000 gram-metres per gram, or 486 foot-tons per lb. of powder. 

To calculate the approximate pressure developed during the explosion of gunpowder in a 
closed vessel. — According to the old theoretical equation: 4KNOs + 2S-i-6C = 2X28-1-2X2 
-I-6CO gunpowder on explosion furnishes 69 per cent, of gas ; or one grm. of gunpowder, 
at 0®, and 760 inm. press., furnishes 247*3 c.c. of carbon dioxide and 79 c.c. of nitrogen ; 
in all, 327 c.c. of gas consisting of 0*49 grm. of carbon dioxide; 0*10 grm. of nitrogen ; 
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, 11 ^ 0^(1 ol potaaaium sulphide. 4^ein, ox^ grm. of an average gunpowder ocoupies 
0>& c,o. The surface exposed by on© c.c. is 6 square cip., hence, 0^0 c.o. will expose 5*4 
square cm. But if 0*9 o.c. of gunpowder be confined at atnl. press.^ it follows that 327 o.c. 
will be confined under 32 7 -rO *9=^5 363 *2 atm. press. ; or, if on© grain of gunpowder at 0® 
be oonfibtied in a closed space and exploded, it furnishes sufficient gas to give 363-2 ‘r-6*4e«e7'3 
atm. press, per square cm. supposing the temp, were constant — but the temp, docs not 
remain constant. 

To calexdate the approxinMe temperature developed during the exjdosion of gtmpotvder 
in a closed vesseL — ^Th© reaction indicated above is exothermal, and much heat is developed. 
The rise of temp, will cause the gm to expand with an ever-increasing press. One gram 
of carbon in burning to carbon dioxide develops 8080 cals. Hence, 0*13 gnn. of carbon 
will furnish 1050 cals. Assuming that the sp. ht. — that is, the amoimt of heat required to 
raise the temp, of one gram of the substance — is constant ; and that the sp. ht. of carbon 
dioxide is 0*22 ; of potassium sulphide, 0*4 ; and of nitrogen, 0 *24 ; remem^ring also that 
the quantity of heat Q is equal to the product of the weight Of the substance heated, 
the rise of temp., jr, and the sp. ht., s, we have or, as a first approximation, 

1050«ii(0 49 x 0’22)4-(0*1 xO 24)-l-(0*41 x0*4))a5 ; or, a;=a53540®. This means that the 
combustion of one gram of gunpowder will give sufficient heat to raise tiie temp, of the 
products of combustion 3540^ — F. Abel and A. Noble’s value 3200'*. 

If 326 c.c. of gas be heated to 3540°, the press, corresponds with 880 atm. per square cm. 
Experiment sho^ws that the observed press, is but half that indicated by this theoretical 
discussion. The difference is due to several disturbing effects. (J) The analysis of the 
gaseous products of combustion shows that side reactions must also be in j)rogres8, for 
part of the oxygen forms KjS 04 , some of the carbon burns to carbon monoxide ; some of 
the nitrogen to nitric oxide ; some hydrogen and hydrogen sulphide are produced by the 
decomposition of the water present in gunpowder ; and some of the gunpowder remains 
unbumt ; (2) the apparatus in which the test is made is slightly elastic, and this interferes 
with the accurate measurements of the press. ; (3) tho sp. ht. of the gas increases appreci- 
ably with rise of temp. ; and (4) the containing vessel itself absorbs somo lieat, and thi.s 
tho more, tho slower the explosion. 

When used as ft pzojiellant in a big gnn, combustion should commence slowly, 
so as to gradually overcome the vin inertice of the projectile ; and, as the projectile 
travels towards the muzzle of the gun, the speed of combustion should increase 
rapidly, so that the projectile has acquired its maximum velocity as it reaches the 
muzzle of the gun. The rate of combustion of the power is more easily controlled 
by varying the size and shape of the grains ; by varying the density of the powder ; 
and by varying the surface coating of the individual grains. For very big guns, 
requiring a big charge, the biuuiug of the gunpowder even in rounded jKsllets or 
cubical pebbles one and a half inohes in diameter, is too violent at the beginning. 
The difficulty was to some extent overcome 3 by using charges built up with per- 
forated slabs so as to expose a minimum smfaoe of powder at the beginning of the 
combustion, and later, the slabs with larger and larger holes produced a greater 
and greater surface of powder, and a more and more rapid combustion. In accord- 
ance with this idea, the so-called prism powder was made in which the rapidity of 
combustion is progressively increased from the start by moulding tho powder into 
a prism with a hollow core, so that combustion, from within towards the outer 
snmee, increases in velocity as the surface grows larger, until at last the prism 
breaks up, converting it at the last instant into what is practically a coarse-grained 
powder. 

In order to secure still slower combustion with low initial strain and a longer 
sustained action, so as to reduce the strain on the breech of the gun, with heavy 
ordnance, charcoal charred at a low temp, is used ; this enables the powder to 
retain a certain percentage of moisture, and in hrown gunpowder or cocoa powder — 
so named on account of its colour — the proportion of nitre is higher and that of the 
sulphur lower than in ordinary ^npowder ; semi-ebarred wood-fibre, or straw 
carbonized by superheated steam, is used as the souroe of charcoal. The composi- 
tion of brown ^npowder is approximately : nitre, 79 ; charcoal, 18 ; sulphur, 3. 
According to A. Noble, the combustion of cocoa ponder under press, ^ves per 
kilogram, T95 litres of gt^, and 837 Gals, of heat. The gas has the composition : 

CO. CO H. ca. n. 

Sl*30 3-42 3'26 0<31 41'71 per cent. 
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There is no potassium sulphide in the solid re^ue, but 64"12 per cent, of K 2 CO 3 ; 
13*55 per cent, of KHCO 3 ; and 22*33 per cent, of K 2 S 04 t. The larger volume of 
water vapour present in cocoa powder makes the volume of gas at the moment of 
explosion nearly the same as with ordinary black powder. Thus a kilogram of 
black powder gives 263*7 litres of permanent gas and 40*9 litres of water vapour, 
while a kilogram of cocoa powder gives 195*4 litres of permanent gas and 122*5 
litres of water vapour. If cocoa powder be exploded under atm. press., large 
quantities of nitre remain undecomposed. 

There is another series of explosives which do their work by forming large 
volumes of gas during their decomposition. ALilro-gbjcerol, for instance, is made 
by nitrating glycerol with cone, nitric acid ; tri-nitrotolmne is made similarly from 
toluene ; ami gun cotton, or nitrocellulose, is made from cotton or cellulose fibre. 
The violence of these explosives is tempered by mixing them with more or less 
inert or less active substances — e.g. when nitroglycerol is mixed with kieselguhr, 
dynamite results. The formation of smoke during the combustion of gunpowder 
is due to the presence of condensed water va])Our and of solid compounds among 
the products of combustion — ^these solids also cause the fouling of the gun. 
With brown powder the smoke cloud clears much more quickly than with black 
powders duo to the greater proportions of water vapour in the former. The so-called 
smokeless powders are of two classes : (i) mixtures of gun-cotton with some substance 
to regulate the combustion, or with some oxidizing material, but no nitro-glycerol ; 
of (ii) mixtures of nitro-cellulose and nitro-glycerol with or without some material 
to regulate combustion. These explosives emit no solid product during explosion, 
although a faint cloud of condensed water vapour is 2 )roduQed. 


Rbfsbbncbs. 
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§ 38. Ammonium Nitrate 

This suit was discovered by J. R. Glauber i in 1669 ; he prepared it by the 
action of nitric acid on volatile alkali — ^anuuonium carbonate — ^and called it nitrum 
jlamrmns. Aimnomum nitrate is an artificial product, its occxurence in nature 
is quite excei)tional. Ammonium nitrate, sulphate, and carbonate occur in small 
quantities in the atm. from which they are carried by rain and snow to the surface 
waters of the earth. A. Bobierre 2 measured the amount, month by month, in 
the air of Nantes ; R. A. Smith determined the amount in the air of towns, eto., 
in Great Britain ; C. Ochsenius, in the air of Paris ; and A. Levy, and F. Fischer, 
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in the air of sewers. Selecting a few numbers from the published ammonia content 
of rain-water expressed in grams per cubic metro : 

Valentia. Liverpool. Manchester. Glasgow. Darmstadt 

NH3 . . . 0*180 4*680 6*469 9*100 1*900 ' 

HNO3 . . . 0*370 0*582 1*032 2*436 2*890 

la localities where there is much sunshine, .the proportion NH3 : HNO3 is less 
than in localities where there is less sunshine owing to the favourable influence 
of light on the oxidation of ammonia to the nitrate. The ammonium nitrate is 
formed in at least three ways : (i) The putrefaction of organic matter followed 
by the oxidation of the ammonia ; "(ii) the action of electric discharges on ammonia 
and water vapour ; and (iii) the action of nitrifying bacteria on ammoniacal com- 
pounds. 

The salt has been largely prepared by neutralizing aq. ammonia with nitric 
acid, and evaporating the soln. until a fine crystalline film appears on the surface, 
on cooling crystallization oc^curs. The ammonia is obtained as a by-product in 
the manufacture of coke, heating and lighting gas, in Morid’s process for power 
gas from slack coal or peat, in the distillation of bastard coals and lignite ; and as a 
direct product in the action of superheated steam on calcium oyanamide, and in 
the synthetic com lunation of hydrogen and nitrogen. The nitric acid is obtained 
by the action of sulphuric acid on sodium nitrate, by the fixation of atm. nitrogen 
in the electric arc flame, and by the catalytic oxidation of ammonia. ^ 

Numerous patents have been taken for realizing the reaction ; (NH4)2S04 

+2NaN03^Na2S04“f“2NH4N()3, but they have not been successful on account 
of the great solubility of the salts in water. In F. Benker’s process, the double 
decomposition of ammonium sulphate by an eq. amount of sodium nitrate is con- 
ducted in very cone. soln. When the liquid is cooled to — -10^ or — 15 ", sodium 
sulphate crystallizes out ; the mother liquid is evaporated and cooled again. The 
liquid is separated from the sodium sulphate ; mixed with a little nitric acid ; and 
again cooled. A crop of crystals of ammonium nitrate is thus obtained. If desired, 
the salt can be freed from sulphates by treatment with baryt-a. V. Grondald 
and J. Landin extracted a mixture of ammonium sulphate aud sodium nitrate with 
alcohol ; Craig treated the mixture with cone, aqua ammonia ; It. N. Lennox, 
and A. W. and J. A. Wahlenberg proposed to separate the ammonium nitrate 
from the mixture by distillation in vacuo. In C. Itoth's process, ammonium 
sulphate and alkali nitrate are melted together between 160 ° and 200°, the alkali 
sulphate separates first from the cooling mass, and can be removed from the molten 
ammonium nitrate by a centrifuge. 

In 1875 , G. T. Gerlach proposed to treat the liquid obtained from the ammonia- 
soda process with sodium nitrate in a similar manner : (NH4)]lC03+NaN03 
5?=^NaHC03+NH4N03, but, as shown by T. Fairley and G, Dollnor, the incomplete- 
ness of the reaction prevented its industrial application. J. F. Chance, J. V. Skog- 
lund, and T. Fairley ^ obtained patents for the process. R. Wedekind treated 
ammonium sulphate with rather less than the theoretical amount of calcium 
nitrate : Ca(N03)2+(Nil4)2S04=CaS04+2NIl4N03, the yield is quantitative, 

and the calcium sulphate can be readily separated. W. A. Dyes, and O. Nydeggor 
and R. Wedekind have obtained patents in connection with this process. There 
are also patents in connection with the Norsk Hydro-Elektrisk-Kraelstof Aktie- 
selshab for the preparation of ammonium nitrate by treating cyanamido, CaCN2, 
with nitrous gases I CaCN2“{“2H20d-4IIN03~Ca(N03)2'd~C02d"2NIl4N03. E. t arez 
treated ammonium sulphate with barium nitrate ; and C. A, Burghardt, with lead 
nitrate. 

E. Rammann noted that a little ammonium nitrate is formed dming the reduc- 
tion of a soln. of ferric nitrate by metallic iron whereby ferrosoforric oxide is precipi- 
tated and ammonium nitrate appears in the soln. E. W, von Siemens and J. G* Halske 
patented a process in which a mixture of well-dried oxygen, nitrogen, and ammonia 
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was exposed to the silent discharge and a deposit of ammoniam nitrate was obtained 
on the walla of the vessel, W. Ostwald oxidized ammonia to ammonium nitrate 
by the agency of catalytic platinum ; A. Frank and N. Caro proposed thorium 
oxide as catalyst ; M. Wendriner, uranium compounds ; and W. Traube and 
A, Biltz, cupric hydroxide. In 1908, the Deutschen Ammoniak-Verkaufs-Vereini- 
gung, of Bochum, made 651 tons of ammonium nitrate by W. Ostwald’s process ; 
and in 1910, 1237 tons. C. T. Kingzctt noted the formation of ammonium nitrate 
during the action of ozonized air on moist phosphorus ; and, according to 
W. R. Hodgkinson and F. K. Lowndes, it is also formed during the combustion of 
ammonia in oxygen, and of hydrogen in the vapour of nitric acid. H. Davy 
observed the formation of ammonia at the catRode and of nitric acid at the anode 
during the electrolysis of water with air in soln., and R. Nithack has a process for 
the preparation of ammonium nitrate by electrolyzing water with nitrogen dissolved 
under a press, of 50 to 100 atm. 

Ammonium nitrate can be readily obtained in columnar six-sided prisms or 
pyramids or in thin needles by careful evaporation and slow cooling ; if evaporated 
to a very small bulk, it solidifies to a fibrous or dense mass. Some of the larger 
crystals can be bent, and this is accompanied by a crackling sound. At ordinary 
teiu]),, the crystals are rhombic bipyramids. J. C. (i. de Marignac,^ V. von Lang, 
F. Wallerant, 0. Lehmann, J. W. Retgers, etc., liavc measured the crystal angles, 
and, according to B. Gossner, the crystal parameters are : a:h: c=:0’9092 : 1 : 10553. 
'J'he rhombic form wlii(Ji is stable at ordinary temp, is very different in type from 
rhombic potassium nitrate, and the two salts are not isomorphous, although, as 
J. W. Retgers showed, the two salts are isodimorphous in forming tw^o different 
types of rhombic mixed crystals according as one or other component predominates. 
J. W. Retgers also found that ammonium nitrate can form mixed crystals with 
rhomboliedral sodium nitrate. Ammonium nitrate also forms tw’^o series of rhombic 
mixed crj^stals with silver nitrate. There is also a well-defined double salt : 
NH 4 Ag(N 03 ) 2 . F. Wallerant, and M. Oaillart have studied the mixed crystals of 
ammonium nitrate with the alkali and thallium nitrates. 

The reported values for the specific gravity of the form which is stable at ordinary 
temp, range from 1684: to 1'791. H. SchitT and U. Monsacchi’s® value is 1*6973 
at 23° (water at 4° unity) ; U. Behn’s value at 2U° is 1*725 ; »J. W. Retgers’ value 
is 1*725 at 15° ; and the mol. vul. is 46*4 at 15°. L, Poincare's value for the sp. gr. 
of the liquid, at 2(X)°, is 1*36. G. Gerlach, F. Kohlrausch, W. Muller and P. Kauf • 
mann, and many others have measured the sp. gr. of aq. soln. of ammonium nitrate. 
H. Gorke’s results at different temp, are indicated in Table LX. (w'^ater at 
4° unity). 


Table LX. — Specific Gkavitiks of Solutions of Ammonittm Nitrate. 


Per cent, 
of salt. 

0° 

10^ 

18° 



25° 

40“ 

G0“ 

85° 

100“ 

2 -GO 

1-011 

1 -OOOo 

1-0072 

1-0001 

1-0016 

0-9921 

0 9781 

0-9680 

6 -00 

1-022 

1-0210 

1-0198 

1-0183 

1-0128 

1-0032 

0-0880 

0-9780 

1000 

1-040 

1-0423 

1-0405 

1-0382 

1 -0335 

1 0231 

1-0095 

0'9988 

19-77 

I 1-001 

1-0808 

1-0835 

1 -0805 

1 0731 1 

J 0028 

1-0475 

1-0372 

30-33 

1 i-j;i88 

1-1341 

1-1308 

1-1271 

1-1191 

1-1088 

1-0931 

1-0830 

40*15 

1 I-I80 

1-1815 

1-1778 

1-1740 

1-1662 

1-1545 

1*1381 

1-1258 

50-15 

1 1 -238 

1-2320 

1-2281 

1-2240 

1-2155 

1-2030 

1-1859 

1-1765 

69-94 

1 1-203 , 

1*2865 

1-2813 

1-2770 

1-2673 

1-2546 1 

1-2385 

' 1-2288 


I 


The soln. of ammonium nitrate in water is attended by a relatively large expan- 
sion. According to M. Rogow, if w grins, or one mol. of the salt be dissolved in 
200()-w grms. of water, at 20°, there is a volume expansion of 47*6 c.c. H. Sebifl 
and U. Monsacchi found at 23° : 
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l^.eent irBiNO, ; . dS 42 28 14 7 4 

V«iL 100 gmm. sola. . . 77-1878 84*0470 80-4842 04-7000 07-4673 08-7103 

Vblome of oompooents . . 74-2082 82*8207 88-6720 04-4583 07-3011 08-6334 

Dtfforence . ... 2 0706 1*7182 0*8117 0-2417 0-1182 0 1764 

The expansion thus has a minimum value with between 14 and 4 per cent. soln. 
Aecoidlng to R. Broom, the dilution of a soln. over 7 per cent. oonc. is attended by 
a contraction. H. Sohifi and V. Monsacchi fpimd that the expansion in aq. soln. 
of nitrio acid, potassium nitrate, or ammonium chloride is greater than with water. 
A, Geritsoh, and H. Gilbault have also investigated this subject. J. W. Retgors 
found the mol. vol. of the salt in soln. is greater than 46*4, the value for the solid 
salt. B. Ruppiu also found that the neutralization of an aq. soln. of ammonia by 
nitric acid is attended by a contraction in volume. G. T. Gerlach, and G. Tammann 
and W. Hirschberg measured the sp. gr. of ethyl alcohol soln. ; and H. Schiff and 
U. Monsacchi, of methyl alcohol soln. H. Gilbault, V. Schumaim, and W. C, Rbntgen 
and J. Schneider have measured the COmpressHnUty of soln. of ammonium nitrate. 
The surface temnon of aq. soln. of ammonium nitrate were measured by C. Forch,’ 
who found that when <r represents the surface tension of the soln. at 0° ; o-j, that of 
water ; w=a—a-i ; then, for soln. containing iV-mols. of ammonium nitrate per 
litre at 14-5°-15-5° : 


N 

. 7*60 

5 67 

3*76 

1*808 

0*904 

<r 

A 8*745 

8*487 

8*252 

8*047 

7*941 

e/N . 

, 0125 

0*119 

0*116 

0*125 

0*124 


R. Abegg, A. Kanitz, and 0. Fulvermacher have measured the viscosity of soln. 
of ammonium nitrate, and H. Gorke the reciprocal of the viscosity, i.e, the fluidity 
at different temp, (water lit 25° unity), and” 'his measurements are indicated in 
Table LXI. A. Kanitz also measured the viscosities of mixtures of ammonium 
nitrate with potassium, sodium, or barimn nitrate, and found that the results 
follow the additive rule very closely. W. N. Bond studied the plasticity of crystals 
of ammonium nitrate. 

Table LXI. — Fluidity of Solutions of Ammonium Nitbate. 


Per cent, 
of salt. 

O'* 


la® 

25* 

' 40“ 

; 1 

60^ 

1 

85® 

i 

100® 

0 

0*5020 

0*6840 

0*8471 

I'OOOO 

1-360 

1*901 

2-663 

3-160 

2-00 

0*510 

0-6916 

0*8595 

1*016 1 

1*368 

1*870 

2*583 

3*061 

5-00 

— 

0*7166 

0*8728 

1*012 

1*365 

1*842 

2*475 

2*86 

10*00 

0*5737 

0*7492 

0*9070 

1*048 

1*360 

1*829 

2*446 

2-69 

19*77 

0*686 

0*7066 

0*9092 

1*038 

1*332 

1*751 I 

2*273 

2-49 

30*33 

0*5920 

0*7450 

0 8616 

0*0710 

1*237 

1*697 

2*051 

2-323 

40*16 

0*650 

0*6789 

0*7867 

0*8850 

1*104 

1*409 

1*779 

2-010 

50*16 

0*416 

0*5703 

0*5698 

0*7378 

0*9104 

1*140 

1*441 

1-617 

50*94 


0*4501 

0*6204 

0*5833 

0*7345 

1*9206 

1 1*140 



E. Maumen6 gave 153° for the melting point, V. H. Veley reported that the 
first signs of fusion occur at 150°, and that at 159°, the salt forms a clear liquid. 
M. Berthelot gave 152° ; S. U. Pickering, 165°, 166° ; H. Schiff and U. Monsacchi 
gave 166° ; M. Bellati and R. Romanese, 168° ; and O. Lehmann, 161°. R. G. Early 
and T. M. Lowry give 169-6° for the f.p. of the pure dry salt. The heatii^ curve 
by J. ToUinger shows a steady rise up to 35*67°, and then falls to a minimum at 
34-96° before rising again ; while the cooling curve falls to 30 07° and then rises 
to 3l’05°. There are also analogous changes on the heating curve at 86° and at 
125°, and on the cooling curve at 82 5° and 124°. These changes are connected 
with changes in the morphok^cal clmracters of the crystals. Both P. W. Bridg- 
man and tr. Behn noted that tl^e is a marked hysteretis or lag in passing from 
one phase to another, and it is diffiotdt to get the reaction to pcMSS completely from 
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one phase to another. The reactions start with only a little sub-cooling or super- 
heating, but run to completion only with a ruuch greater sub-cooling or super-heating. 
At ordinary press, solid ammonium nitrate exhibits at least four transition 
temp. The molten salt freezes at about IbS"", forming crystals of the modification 
I-ammonium nitrate^ or €-NH4N03, which belong to the cubic system ; at about 
126°, the crystals becojne doubly refracting, pass into a second modification, 
S-NJI4NO3, or n-ammonium nitrate, which crystallizes in the tetragonal system 
— or possibly in the rhombohedral system. This form was discovered by 
M. L. Frankenlieim in 1854. For the temp, of the I- to Il-transformation, 
O. Lehmann gives 127° ; M. Bellati and R. Romanese,® 124°-125° ; H. Lussana, 
124*9° 125 6'" ; W. Scliwarz, 123*5°~-125*6° ; J. von Zawidzky obtained 125° ; and 
K. Vogt, and R. G. Early and T. M. Lowry found 125*2° to be the best representa- 
tive value. A second transformation occurs at about 83°, and the crystals become 
optically biaxial, forming a third modification, y-NH4N03, or Ill-ammonium 
nitrate, belonging to the monoclinic system. These crystals ap])ear to be almost 
tetragonal, so that F. Wallerant called them inonocliniques (/ua si-quad raiiques , 
For the temp, of the II- to Ill-transformation, 0. Lehmann gives 87°; U. Behn, 
83° ; M. Bellati and R. Romanese, 82*5°-86° ; W. Schwarz, 82*5°--86*5° ; F. Walle- 
rant, 82° ; G. Tammann, 84*6° ; S. Lussana, 85*85° ; J. von Zawidzky, 85*4° ; 
and K. Vogt, 82*26°. R. (r. Early and T. M. Lowry believe 84*2° as the best 
representative vahuj. A third transition occurs at about 32°, the crystals then 
becjome rhomhiG—q^iasi-quadratiques — ^forming IV-ammonium nitrate, or j8-NH4N03. 
This ] V- modification is the stable form at atm. temp., and is the variety ordinarily 
(xunirring in commerce. For the temp, of the III- to IV- transformation, O. Lehmann 
gives 36° ; M. Bellati and R. Romanese, 31°-35° ; W. Schwarz, 31°*“35° ; F. Walle- 
rant, 32° ; U. Behn, 32° ; G. Tammann, 31*8° ; S. Lussana, 30*55°-34*45° ; and 
W. xMliller, 32*2° ; while R. G. Early and T. M. Lowry believe 32*1° to be the best 
representative value. G. Tammann found a fourth transition at — 4°, but after- 
wards noted that his first record was in error, and ])laccd the transition temp, at 
—16°. The best representative value for this transition point may be taken as 
— 18°. 'J’he crystals of the modification V-ammonium nitrate, or a-NH4N03, 
bchmg to the tetragonal system ; and have a positive double refraction a little 
weaker than the 11-variety. For the temp, of the to V-transformation, 

V\ Wallerant gives —14° to —16°; and U. Behn, —18°. The latter number is 
taken to be the best representative value. To summarize, the best representative 
values of the transition points arc : 


1G9G‘' 125*2^ 84*2^ 321* -18* 

Nn4N03^1-NH4N03^Il-NH*N03^lTI-NIGN05^V-NH^N()3^V-NIl4N03 
Liquid Cubic Tetragonal MonocUnic Rhombic Tetragonal 

Neither 0. Lehmann (1906) nor U. Behn could detect any signs of further transforma' 
tion between --18° and —140°. R. G. Early and T. M. Lowry show that the 
velocities of the higher transition temp, are fast enough to give sharply-defined 
breaks in the heating and cooling curves, but the transition temp, at 32*1° cannot 
bo determined in this way because of the slowness of the change. Dilato metric 
metliods were used. The velocity of the change v at the temp. 0 can be represented 
by ±(0—00) '“^ where 0 q denotes the transition temp., and v, the 

percentage amount changed per hour — ^when v— 2*5, ± (0— 0o)— 0*41. 

Modification 1 1 and V are so much alike that F. Wallerant suggested that they 
are identical. He said : “ II u’y aurait rien de surprenant dans Inexistence de deux 
modificatioii'i appai*tenaut au meme systi^me ct parallMeinent orientees. . . . 
Mais bien plus il xi'y a cn realite qunune modification stable dans deux intervallcs 
do temperature.'' If this hypothesis wore to be verified the phenomenon would be 
uni(|ue. No case is known where the crystals of a single definite substance, pre- 
senting the same crystalline form with all the physical properties identical, can 
exist within two separate ranges of temp. 

VOL. Ti. 3 H 
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U. Behn has pointed out that if II and V be identical, the following reversible cycle 
cab be performed : Transform a gram of the salt at S3® into III, cool it to 33®, and transform 
It to I V, and cool it to — 18®, and transform it to V. Finally, heat this back to 83®. The 
series of changes produces cals, at 83® (^ 3 ), cals, at 32® (^ 3 ), and cals, at — 18° (^g). 
The sp. ht. of the modihoation in the order named ore C 3 , C 4 , and Then : 

Q*+ jly»dd+Qt+ j%,de+Q,^ ( 1 ) 

The identity of the II and V modification does not hero involve the vanishing of the sums 
of the heats of transformation : Qa*fQ 4 + 0 #— 0 , for this could occur only if 



for ^£ + 04+05 can be zero when each of the heats of transition is zero- they cannot eacli 
be negative. If the modifications II and V are identical the average sp. ht. between — 18” 
and 83® would have to be much higher than it is at either of these two temp. By introducing 
the known data into (1) there is a difference of 8*4 cals, in the two sides of the equation. 
There is an uncertainty in the value of f's, but it is hardly likely to amount to 8*4 cals. 
Hence, it is probable, but not certain, that the two forms are not identical. 


P. Wallerant added different proportions of isoniorphouH ciesiuni nitrate to 
ammonium nitrate, and found that the tetragonal modification could be stable 

not only above 83*^ but below — and also 
throughout the whole intermediate range of 
temp. This docs not jirove that the II- and 
V- varieties arc identical, for a transition 
may occur without obvious physical change. 
U. Bchn examined the two tetragonal moili- 
lications dilatometrically, thermally, and 
crystallographically, but was unable to establisli 
precise proof of the identity or otherwise of 
the II- and V- varieties of this salt. The 
general trend of the evidence, however, is 
against the hypothesis that the two forms are 
identical. M. Caillart- examined the mixed 
crystals of ammonium and potassium nitrates 
Fia. 84.-EquiUbriuin Pr^sures and found (1) rhombic crystals of the potas- 

p.W. Bridgman. Slum nitrate type containing 0-17 ic mol. ot 

ammonium nitrate per 100 mol. of mixture, 
(2) monoclinic crystals with 55-94:*5 mol. of ammonium nitrate per 100 mol. 
of mixture, and (3) rhombic crystals of the ammonium nitrate type with 98-100 
mol. of ammonium nitrate per 100 mol. of mixture. 

V. Rothmund showed that in the general case of solid soln., the effect of a 
solute on the transition temp, of the solvent is analogous to the cryoscopic effect 
of a liquid soln., and the depression of the transition temp, is given by O^—Oi 
^RT^IQ(C 2 ,—Ci)j where Oq and 0i denote the transition temp, of ammonium 
nitrate before and after the addition of potassium nitrate ; T, the absolute transition, 
temp, of ammonium nitrate alone ; Co and Ci, the mol. cone, of potassium nitrate 
in 100 grms. of the two modifications of ammonium nitrate, and Q is the heat 
of transformation of ammonium nitrate. The results witli potassium and ammo- 
nium nitrates are in accord with V. Rothmund's rule, and, at 32*^, there is a 
change of quadruple into triple molecules : 3 (NH 4 N 03 ) 4 ;f^(NH 4 N 03 ) 3 . 

S. Lussana, G. Tammann, and P. W. Bridgman have measured the effect of 
press, on the transition points. The results of tfie last-named investigator are 
shown in Pig. 84. According to R. Clausius’ equation, dTJdp^T dvfQ, the variation 
of the transformation temp. dT with a change of press, dp is positive when dv 
is positive and negative when dv is negative. Q represents the quantity of heat 
— taken negative — ^which is liberated when a stable system has its temp, raised, 
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and i» thereby transformed into another stable system with the aecomj>anying 
change of volume diK The fusion point of the salt at one kgrm. per sq* cm. press, 
is 168®, and 202® when the press, is 1000 kgriiis. per sq. cm., dv is then 0*051 ± c.c. 
per grm. ; dTJdp, 0*034 ; the latent heat, 6*9 kgrm. ni. per grm. ; and the change 
of energy, 6*6 kgrm. m. per grm. The following data are selected from those 
compiled by P. W. Bridgman : 


A.t the transition points I to II, 125*5^ at one kgm.per sq. cm. press., rfv=0*01361 c.c. per 
grm., dTjdp i.s 0*00974 ; and the latent heat and change of energy are each 0*53 kgrm. m. per 
grin. At a press, of 0000 kgnns. per sq. cm., the transition point is 186*0‘', 0*00476 

c.c. per grin.; dTjdp, 0*00400; and the latent heat and change of energy are respectively 
5 36 and 4*92 kgrm. m. per grm. For the II to III transition point, at 82*7” at one kgrm. 
per sq. cm. press., *0*00768, <i2Vd/>— - 0*0160; and the latent heat and change of 

energy arc each 1*70 kgrm. ni. per grm.; at 9000 kgnns. per srj. cm. press., the transition 
temp, is 167*4“, dv— 0*01265 ; f/'/’/dp— 0 011 1 ; and the latent heat and change of energy 
are respectively 6*01 and 3*87 kgrm. m. per grm. The transition point II J to IV is 
32*0“ at 1 kgrm. per sq. em. press., and dv — 0*02026 ; d^’/dp — 0 031 1 ; and the latent heat 
and change of energy are each 1*99 kgrm. in. per grm. The transition point is 60*8“ at 
800 kgrms. per sq. cm, press.; dv— 0*02128; d^’/dp 0*0410; and the latent licat and 
change of energy are respectively 1*73 and 1*56 kgrm. m. per grm. 'fhe IV to V transition 
point is -18*0® at one kgrrn. per sq. cm. press, when dv--- - 0*()17id27dp— 0*063, and 
the latent heat and cliange of e^nergy are each 0*69 kgrrn. n». per grm. 1*. W. Bridgman 
sought if th€) falling IV to V transition curve is replaced by the appearance of another 
phase with a rising curve between IV 
and the new modilication, Imt obtained 
negative results with press, up to 12,500 
kgrms. per sq. cm. at room temp. 

P. W. Bridgman found a sixth modi- 
fication, Vl-ammonium nitrate, whose rang© 
of stability on the p2'-curvos is shown in 
Fig. 84. The transition temp. I to VI 
arc 186*6® and 201*6® respectively at 0000 
and 1 1 ,000 kgrms. per sq. cm. press. ; the 
corresponding values of dv are 0 *00868 and 
0*00740 ; the latent heat and change of 
energy respectively 5*26 and 4*49 kgrm. 
m. per grm. for the smaller press., and 
4*68 and 3*87 kgrm. m. per grin, for the 
larger pi’ess. ; and dTjdp is 0*00760. For 
the II to VI transfonnation respectively 
at 9034 and 9154 kgrms. per sq. cm. press,, 
the transition temp, are respectively 

185“ and 170®; dv, 0*00373 and 0*00312; dT/dp= - 0*126 ; and the latent heat and 
change of energy respectively 0*111 and 0*296 kgrm. m. per grm. for tins higher press., 
and 0*137 and 0*474 kgrm. m. per grm. for the lower press. {Similarly, for the VI to IV 
transformation, the transition temp, are 167;9“ and 192*6“ respectively for press. 9000 and 
12,000 kgrms. per sq. cm., the corresponding values of dv are 0*00959 and 0*00950 ; 
dl'/d/) =^6*00820 ; and the latent heat and change of energy respectively 5-16 and 4*29 
kgrm. m. per grm. at the lower press,, and 6*40 and 4*26 kgrrn. in. per grm. at the higher press. 

The triple point for ll-IIl-lV ammonium nitrates is 63*3® at 860 kgrms. per sq. cm. 
press. ; for I-II-^VI ammonium nitrates, 186*7® at 9020 kgrms. per sq. cm. press. ; and 
for Il-IV~VI ammonium nitrates, 169*2° at 9160 kgrms. per sq. cm. press. At the triple 
points, the values of dv c.c, per grm., dTjdp, and of the latent heat and change of energy 
in kgrm. m. per grm. are respectively: JII-IV, 63*3® -0*02135, 0*0417, 1*72, and 1*64; 
II -III, 63*3®— 0*00925, 0*0294, 1*00, and 1*14; IWV, 63*3°~0 J210. 0*0146, 2*78, and 
2*68; I-II, 186*7® -0*00476, 0 00406, 5*38, and 4*95; 1~V1, 186*7®— 0*00865, 0‘0076O, 5*24, 
and 4*47; 186*7® -0*00380, -0*125, 0*14, and -0*48; II-IV, 169*2®-001267, 

0*0111, 5*06, and 3*91 ; II-VI, 169*2® -0*00309, -0*125, O il, and 0*38; and for IV-Vl, 
169*2®— 0*00958, 0*00820, 5*17, and 4*29. P. W. Bridgman also measured the velocity 
of the transformation of the different forms of ammonium nitrate. 



Tempenibures 

Fia. 85. — Diagrammatic Representation of 
the DifTercnt Forms of Ammonium Nitrate. 


The yT-relations of the six different forms of ammonium nitrate are illustrated 
diagrammatically in Fig. 85. M, Bollati and R. Romanese, and U. Behn measured 
the changes in volume at atm. press, at the four transition point's. M. Bellati 
and R. Romanese have also measured the latent heats of the transformation 
III-IV, III -II, and IH. U. Behn found the latent heat of transformation at 
—18^ to be r62, M. Bellati and R, Romanese give for tlie heat of transformation 
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at 32®, 5*02 ; and at 83®, 5*33. P. W. Bridgman’s values are indicated above. 
Gr. Taminann lias measured the co-ordinates of the triple points II-III -IV. 

The thermal expansions in c.c. per gram of some of the differ cut forms of ammo- 
nium nitrate have been measured by M. Bellati and R. Romanese, U. Behn, and 
P. W. Bridgman, U. Behn measured the coeff. of expansion of the solid between 
—60® and 100® and found : 

- 60 ® - 20 ® 0 ® 18 ® 20 ® 60 ® 100 ® 
0000677 0*000852 0000920 0*000978 0*000982 0*001069 0*001113 

H. Kopp gave 01XX)973 at 20®, and M. Bellati and R. Jiomanese 0*000963 at 20®. 
U. Behn also represented the volume at 0® between 100® and —40® by the equa- 
tion r* :-ro(l+O*(KK)92244)*()a^)O1630— ()*(XK)O(X)OO4r>0 M. Bellati and L. Finazzi 

give for the coeff. of cubical expansion at 20®, 0 0()0()5633 ; and at 0® between 
86® and 125®, ?’--i’o(l+O’O54770-f O O 5368 O 02 ) ; and between 125® ami 139*3®, 
— 0 (^356590 f'O'O5368O0~). For the lI-modifu*ation, M. Bellati and 

R. Romanese give 0 0001165, and U. Behn gives 0*00041 c.c. : for 111, the former 
give 0 0(X)134, the latter gives 0*00036 ; for IV, the former give 0*000222, and the 
latter gives 0*00048. U. Bohn’s results agree with those of P. W. Bridgman, who 
makes II expand 0*000038 c.c. per gram more than ill; and IV expand 0*0001 15 c.c. 
per gram more than III. Hence, IV is more expansible than 111, which is stalde 
at a higher temp. — this is unusual. U. Ik^hn gives for the V-moditicatioii t)*00037 
c.c. per gram. The coeff. of expansion of aq. soln. lias been measured by Korch.^ 
N. A. Tsehernay, and by S. dc Lannov. Vide also alkali nitrates. S. de Lanuoy 
found for the volume v at 0® e~=(ro-[“Se)lO”"^, 


Per cent. Nlf^NO^ 

. 20'^ 

40'^ 

00^ 

80° 

4 

. 282 

995 

JS82 

:joir) 

12 

. 549 

J 338 

2312 

3475 

20 

, 718 

1 000 

2033 

3823 

44 

. 948 

1960 

3058 

4240 


M. Bellati and R. Romanese give for tlio specific heats in (.alories per gram, at 
atm. press., II, 0*426; 111, 0*355; and IV, 0*407. U. Behn found the sp. ht. 
between — 15® and 15® to be 0*395 between —79® and —20®, 0*352 ; between —190® 
and ordinary temp., 0*305 ; from — 190® to —20®, 0*274. 4’lie sp. ht. of the V-modi- 
fication may be taken us 0*423+0*01)1430 between * -190® and 20®; and for the 
mean sj). ht. of the IV-varicty between 0® and 31®, 0*407 ; or at 0® witliin this 
temp, range, 0*395 +O O(.X)750. The sp. ht. of aq. soln. lias been measured b\^ 
A. Winkelmann, J, Thomsen, and J. 0. C. de Mniignac. The composite results 
from about 18® to about 50® are : 

Per cent, salt . . 64 47*1 28*6 15 1 9*1 2*9 

Sp. ht. . . . 0*6102 0*097 0*7227 0*8797 0*9249 0*9054 

Solid animonium nitrate is very deliquescent in moist air, and it is very soluble 
in water. Actiording to 11. Lescceui* and F. L. Kortright, at 20®, tlic salt absorlis 
moisture from the air if the vap. press, of tlie w^atcr is over 9 mm. The vap. press, 
of a sat. soln. has the same value. It is very difficult to dry tlic salt ; it can be 
obtained with less than 0*1 ])er cent, of moisture ])y exposure over jihosphorus 
pentoxide at ordinary temp, in a desic<^ator. U. Behn ofiserved a slight decom- 
position of the salt after it had stood a few days in the desiccator. This was 
evidenced by the smell of nitrogen oxides. If heated, the dcconqiosition is quicker. 
If one limb of a U-tube containing the salt be heated to 100®, and the other limb 
be cooled to — 79®, water is continuously collected, but the salt becomes no drier, 
G. Tammariu measured the vap. press, of soln. of 5*02, 53*25, 118*51, and 
192*93 grins, of ammonium nitrate in 1(X) grms. of water at 1(X)®, and found the 
lowering of the vapour pressure to be re,spcctivoly 14*6, 132*1, 235*9, and 324*3 mm. 
E. B. R. Prideaux and R. M. Caven measured the vap. press, of 47*8 per cent., 
60*4 per cent., and sat. soln. of ammonium nitrate, and represented the vap, press., 
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j), at e^, of a 4-8 per cent. soln. by j>=336 r)-~12*8450 +0-1511602 ; of a 60 4 per cent, 
soln. by p— 231*2 — 9*660 +012502 ; and of a sat. soln. by p=i5l6 — 0*82750+0*0152602 
—0*0687502. Accordingly, the values of dpjclT are respectively —12*845+0*302320, 
— 9 666+O-250, and —0*8275+0*03050—0*02062502. The first named also studied 
the deliquescence and drying of this salt. The sp. vol. of steam can be 
calculated from pc-cqiiations for steam, and hence, the latent heat Of evapora- 
tion, Q, is Q —T{v<y-‘V^)dpl(lT, so that for the unsaturated soln. Q is 450 to 500 
cals., about 50 cals. less than for water at the same temp., and it appears to attain 
a maximum between 60° and 70°. The latent heat of evapoiation of sat. soln. of 
those salts whose solubilities increase continuously with rise of temp, will generally 
become zero when the pre.ss. of the sat. vap. reach a maximum for which dp/dT— -0, 
and thereafter become negative when the evaporation of water with the precipita- 
tion of the salt evolves heat. The temp, of zero latent heat of a sat. soln. is estimated 
at 112°. For sat. soln. of ammonium nitrate : 


40'" 

45" 

50" 

CO" 

70" 

80" 

90" 

95" 

2-9 

3*0 

4-4 

6*4 

9*2 

12*2 

14*8 

160 

372 

404 

397 

444 

367 

269 

210 

170 


(r. T. Uerlach found the boiling point of a soln. of 10, 439, 4099, and cc grms. 
of salt in 100 grms. of water to be respectively 101°, 1 30°, 200°, and 240°. J. Legrand 
obtained higher b.p. than these. The result, however, cannot Ihj very exact because 
of hydrolysis, and decomposition— particularly over 130°. E. H. Loomis, and 
11. i\ Jones and B. V. Caldwell measured the lowering of the freezing point of 
soln. of ammonium nitrate containing 0*0801, 4*rK)6, and 18*072 grms. of salt in 
100 c,c. of soln., and found the respective depressions to be 0*0358°, 1*629°, and 
8*720° ; and the mol. lowering of the f.p. respectively 3*6°, 3*26°, and 2*91° respei - 
tivoly. Other determinations have been made by F. Guthrie, F. Riidorff, J. Tollinger, 
F. ]\i. Raoult, and L. C. de (\)ppet. The latter found the eiyohydric temp. —17*35 
with a soln. containing 70 grms. of salt in 100 grins, of water. F. Guthrie found 
- -17*2° for a soln. with 78 grms. of salt and 100 grms. of water. 

J. Thomsens values for the heat of formation, (NH3givsHN()3)~34*7 Cals., 
and (N2,2H2,li02)=-88 1 Cals. ; and M, Berthelot's value for the last-named result 
is 87*9 Cals., a*ruf for (NoO/iHgOuejuid)- — 29*5 Cals. The heat of neutralization 
of ammonia and nitric acid in dil, soln. is 12*3 Cals., according to J. Thomsen, 
and 12*5 Cals., according to M. Berthelot ; T. Andrews found 12*44 ('als. The 
soln. of ammonium nitrate in water is attended by a eunsiderable absorpt^n of 
heat. According to F. RiidorlT, the soln. of 60 parts uf salt in 100 ])arts of w'ater 
lowers the tenq). from 13*6° to — 13*6°, ix, about 27° ; and if the water is initially 
at 0°, ice separates out during tlie dissolution of the salt, for the temp, falfc to 
—16*7°. This property is utilized in preparing the freezing mixture : Ammonium 
nitrate 5, sodium chloride 5, snow 12, which is capable of producing a temp, of 
—32°. J. 'riiomsen found the heat of solution of a mol. of this salt in 200 niols. 
of water to be 6*322 Cals,. ; and, according to M. Bertlielot, 6*20 Cals, in 220-240 
mols. of w'ater at 1015°. The heat of soln., at 0°, with p ]>er cent, of salt between 
s ol and 20 per cent, is, according to A. Winkelmaiin, 92*25 — l*737p+0*0402p- ; 
and between 20 and 10 per cent., 89*1 — 0*985p+0‘0105p2, J. Thomsen gives 
for the heat of dilution by w-mols. of water to a soln. containing 2NH4NO3+5H2O 
at about 18° : 

n . . . I 5 15 35 95 195 395 

Cals. . . -0*07 -1-28 -2*52 -3*58 -4*58 -5*02 -5-23 

T. Graham, F. 11. Pratt, A. Winkolinann, and J. Tollinger have also investigated 
this subject. The integral heat of soln., i.t\ the heat absorbed in producing a sat. 
soln., is —4 Cals. They also found the theoretical heat of soln. to be —3*6 Cals. ; 
and the heat of soln. of the first mol. in 200 mols. of water, 6*3 ('als. 

II. 0. Jones and F. H. Getman,!^ aud F. L. Haigh have measured the refractive 
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of aq. soln. of ammonium nitrato» %nd found for spin, .of 0'05, 0‘60, 1‘00, 
S'OO mols, per litre the resMotive:valu^' 1*32538, 1*329^,. 1*33485, and 1*34449 
^-mde alkali nitrates, Aocox^g to J. H. Gladstone and W. H^Rerkin, tke mole- 
eolar magnetic totation of the dissolved nitrate is 2*316, and the molecular t^roo- 
tion for the J-line, acoording to Gladstone and Dale's formula, is 25*23 ; the 
molecular dispet^on for the H- and ,44ines is 1*88. 0. Hamburg also measured 
the mol. rotation of aq. and methyl alcohol soln. ; and D. Dijken, the mol. refraction 
and dispersion. B. Doumer gives the mol. refraction 18*8. 0. Reinkober studied 

the reflexion spectrum for ulti^rcd rays. 

According to L. Poincare, the sp. electrical conductivity of the molten salt 
at 172°, 202°, and 213° is respectively 0*320, 0*397, and 0*447 reciprocal ohms ; 
and at 6° between 160° and 220° is 0*400|l+0*0073(d— 200)} reciprocal ohms. 
The 8}). gr. of the fused mass is 1*36 at 200°, so that there are 18*8 mols. per litre, 
and the mol. conductivity is therefore 233 at 200°. Numerous measurements 
have been made of the electrical conductivity of aq. soln. There are the measure- 
ments of ,1. H. Long, R. Lena, E. Bouty, S. Arrhenius, F. Kohlrausch, W. Foster, 
0. Grotrian, etc. H. C. Jones and co-workers found the eq. conductivity A hetween 
0° and 35° for soln. with an eq. of the salt in t' litres of water. At 25°, and A^^ 137*8, 

»t . . . 1“ 2 -4 JO 40 100 400 JOOO 2000 

A . . . 08 1 73-3 77-7 83 1 890 920 950 99(j 100 00 

H. Gorke measured soln. hetween 2 and 60 per cent, cone.., and between 0° and 1(X)°. 
F. Kohlrausch and O. Grotrian give for the temp, coeft'. of a 49’3 per cent, soln., a 
specific conductivity of A'o{J-f 0*0235d-f-0 000019d2), where A'o represents the 
specific conductivity at 0°. R. Dennhardt measured the relation between the 
viscosity and electrical conductivity. M. le Blanc found the decomposition 
potential of a A^-.soln., with platinum electrodes, at room temp., to be 208 volts, 
being thus about 0 08 volt lesjs than the value for ])otassium and sodium nitrates.’ 

S. Arrhenius found the conductivity A^ of a salt in water is reduced to A when 
X per cent, by volume of a non-electrolyte is added, where A— Aq( 1— jraa:)®, where a 
is a constant ; 

Methyl alcohul. Ethyl alcohol. Isopropyl alcohol. Ether. Acetone. Cano susar . 

a . . 0-0157 00219 0-0240 00181 0-0141 0-0279 

0. Ilumburg measured the conductivity in methyl alcohol soln. 

'^e percentage degree of ionization a of a<|. soln. of ammonium nitrate has 
beencalculatcd from the cryoscopic and conductivity measurements of E. H. Loomis, 
H. 0. .lones and B. P. Caldwell, and W. Kistiakowsky of A^-soln. of ammonium 
nitrate, are : 
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The agreement for 2N- and more cone. soln. is not g5od. Ammonium nitrate 
behaves as a strong electrolyte with respect to W. Ostwald’s dilution law. H. Gorke 
obtained better agreement by allowing for the change of ionic mobility with the 
more cone. soln. owing to the decreased fluidity of the medium. He substituted 
the term AFq/F in place of A, where Fq represents the fluidity of the water, and 
F that of the soln. Anmionium nitrate in aq. soln. is but feebly hydrolyzed, hut 
the hydrolysis is recognizable when the soln. is heated. H. C. Dibbits showed that 
the hydroljnns can be detected at ordinary temp., as is also the case with other 
ammonium salts, by passing a skream of air through the soln. V. H. Veley, and 
E. G. Hill measured the degree of hydrolysis relatively with other ammonium 
salts, but the results were obscured by secondary reactions. C. Brftck has studied 
the hydrolysis of boiling soln. of ammonium nitrate. 

Determinations of the solttbiiityof ammonium nitrate in water for a few temp. 



THE ALKALI METALS 


839 


were obtained by C. J. B. Kareten, T* T. Harris, G. J. Mulder, F. BudorjS, 

ScKwarz said that at 25^, the scriubility decreases with a rise of temp., but 
W. Miiller and P. Kaufmann show that this is not correct ; there are^ however, 
definite breaks in the continuity of the solubility curve corresponding with the 
changes in the character of the ewlid on a rising temp. Solubility determina- 
tions by L. C. de Coppet below O'’ ; by W. Miiller and P. Kaufmann between 
60'’ and 74*8^ ; by W. Schwarz between 50° and 125'6°, are summarized, in 
Pig. 86. . 

0® 20*2® 32*5® 50® 70® 80® 00® 100® 

Per cent. NH 4 NO 3 . . 54*19 65*80 72*0 77*49 83*32 85*3 88*1 89 71 

The data by the different observers are not very concordant, presumably because 
the soln. were in some cases partially sat., and possibly also because of the* incom- 
pleteness of the transformations from one form to another. C. J. B. Karsten, 
F. Riidorff and A. A. Noyes measured the effect of the addition of other salts on 
the solubility of ammonium nitrate. Expressing the results in mole, per litre, 
at 19*5°, a sat. soln. contains 5*44 of ammonium chloride and 21*7 of the nitrate 
while if these salts are present alone, the solubilities 
are respectively 6*93 and 25*0. Similarly with 
sodium nitrate at 16°, a sat. soln. has 9*07 of 
sodium nitrate, and 20*4 of ammonium nitrate when 
the solubilities of the individual salts are resi^ectivcly 
9*76 and 24*0. Similarly, 100 grms. of water, at 
20°, will dissolve 162*9 grnis. of ammonium nitrate 
and 77*1 grms. of sodium nitrate ; or 88*8 grms. of 
ammonium nitrate and 40*6 grins, of potassium 
nitrate ; or 101*3 grms. of ammonium nitrate and 
6*2 grms. of barium nitrate. For the sohibility in 
ammonia and in nitric acid soln. — vitfe infra. 

J. J. Pohl found 100 parts of 66*8 per cent. 
eth^l alcohol dissolved 43*7 parts of ammonium 
nitrate at 25°, and 91 parts when boiling. Deter- 
minations have been made by C. A. L. de Bruyn, 

H, Schiff and U. Monsacchi, etc. O. T. Gerlach 
and G. Tammann and W. Hirscliberg measured the sp. gr. of ethyl alcohol soln. 
A. Fleckonstein’s data for the solubility of the salt in 100 parts of solvent— methyl 
or ethyl alcohol — are shown in Tables LXII and LXIII. The solubility in 'inethyl 



Fia. 86. — Solubility Curve of 
Ammonium Nitrate* 


Tablk LXII,— SOI.TJB1HTY OF Ammonittm Nitrate in Ethyl Alcohol-Wateb 

(A. Fleckenstein). 


Alcohol 
(per cent.). 

1 30® j 

35® 

i 40® i 

45® j 

! j 

55® i 

! 

60® 

65® 

70® 

75® 

80® 

XOO 

3*8 

4*5 

1 

I 

‘ 

5*9 

6*4 

7*0 

7*7 

8*2 

8*9 

9*5 

10*1 

93*69 

8*8 

; 9*8 

11*0 1 

; 12*0 1 

13*1 

14*5 

15*8 

17*8 

20-2 

23*1 

26*0 

80*77 

13*5 

I 16*2 

18*8 

2I*2| 

24*0 

27-0 1 

30*3 

34*5 

40*0 

47*2 

55*0 

76*12 

30*2 

36*1 

40-5 I 

i 46*6! 

63*6 

62*0 

71*0 

8*10 

— 1 

■ — ' 

— 

62*82 

60*6 

69*5 

79*5 

91*4 1 

104*0 

116*6 

1 — 


' — 



51*65 



102*0 

114*0 

138 0 i 

144*0 

161*5 

181*4 

205*0 

* — 


— 

40*87 

120*2 

130*4 

152*8 

170*0 

189*6 

213*0 

240*5 

271*4 

— 


■ — 

25*81 


179*0 

196*0 

217*0 

242*5 

2720 

3100 

— 

*--■* i 


— 

0 

231*0 

254*0 

277*0 

314*0 

— 


— 


1 

*■ — 

t - . 




: 



^ 






1 


— 


alcohol is thus greater than in ethyl alcohol. The change in the solubility of the 
salt in ethyl alcohol with a rise of temp, is small and linear ; with methyl alcohol, 
the solubility increases faster than the temp. Additions of ethyl alcohol to water 
lower the solubility of ammonium nitrate, while additions of methyl alcohol raise 
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the ^jolubility of the salt. H. Schiff and U. Monsacchi have measured the sp. gr. 
of the soln, in methyl alcohol ; 0. Humburg, the molecular magnetic rotation, and 
the conductivity. W. H. Krug and K. P. McElroy found ammonium nitrate to 
bo very soluble in acetone. 


TaULK LXIII. — SOLOBIUTY OF AMMONIUM NlTHATK IN MeTHYJ. AlCOHOI.-Watkr 

( A . FnKCKlfiKSTKl N ). 


Alcohol 
(per cent.). 

j 30“ 

100 

i 200 

83*75 

j 41-0 

73*64 

1 60*0 

60*39 

1 92*5 

53-2.3 

1 117*2 

24*83 

: • — 

0 

23 JO 


35 '^ 

40 '* 

22*8 

__ 

25 1 

47*2 

54*4 

70*1 

81*0 

10.5*0 

118*3 

1.33*0 

lii0*5 

200*0 

221*0 

254*0 

277*0 


45'* 1 

OO** 

28*0 

31*5 

62*3 

71*6 

92*5 

105*0 

1.34*0 

151*0 

169 -.5 

i 191*0 

244*0 

314*0 

j 270*3 


i 55'^ i 00** 

' ( 

: ;j5’4 : 39*0 

82*0 ' 94*0 

1190 ; 135*(> 

; 109*8 190*4 

, 215*0 i 242*0 

I 299 0 I 


Like other ammonium salts, the nitrate gives off ammonia and becomes acid 
when exposed to the air or when heated, and as J. P. Emmet showed, it then pos- 
sesses an acid reaction : NH4N03iioii(i=HN03+NH3-“41‘3 Cals. Molten ammonium 
nitrate decomposes into nitrous oxide and water : NH4N03->No0+2H20. According 
to M. Bertholot, the heat of decomposition of the solid is 29*5 Cals, at constant 
press, (liquid water), with gaseous water the heat of the reaction is 10*2 Cals. ; 
according to J. Thomsen, the heat of the reaction at constant ])ress. (litiuid water) 
is »i()'26 Cals. S. U. Pickering noted that the development of gas bubbles can be 
first detected between 185"" and 186''; V. H. Veley, at al)out 21t)"' ; AV". Smith, 
at about 170'' ; J. Legrand, 190'^~2(K)'\ A. Pleisch found that the gas is copiously 
evolved at 250^^, and some salt sublimes unchanged, and J. Legrand says that 
the salt boils without decomposition at 180"^. J. 11. Niemann found that ammonium 
nitrate is decomposed by heat when it is (-onfinod in a tube under •])ress. If the 
temp, does not rise above 21^, some salt esca])es decompovsitio]i by subliming to 
the cooler parts of the containing vessel in fine (-rystals. According to R. Rcik, 
the salt can be distilled without decomposition in vacaio, and it tlieu boils at 2U)^’. 

H. A'^eley found that the rate of decomposition of ammonium nitrate into nitrous 
oxide and water is dependent not only upon the mass salt ujulcrgoing decom- 
position, but also upon the proj)ortion of free nitjic acid present. If the reaction 
of the salt be rendered alkaline at starting, the rate of decojiiposition gradually 
increases, while the proportion of free acid increases ; a period of maximum velocity 
is then reached, corresponding to the greatest proportion of free acid ; from this 
point the rate decreases very slowly, while the proportion of free acid also decreases. 
An excess of ammonia obtained either by passing in the gas, or by the addition of 
a basic oxide, will completely stop the reaction, even at temp, above the 

normal point of its decomposition. If the reaction of the salt be rendered acid at 
starting, the rate of decomposition gradually decreases, while tlic pTf>portion of 
acid gradually decreases. After heating the salt for about 13-16 hours, the rate 
of (Jiango be(*.omes practically constant. V. H. A'eloy also fouiirl that the speed 
of the reaction is augmented in the presence of finely divided glass dust, graphite, 
etc. L. A. Buchner says that spongy platinum accelerates the decom})osition of 
the fused salt with the evolution of nitric oxide alone. N. A. E. Millon and 
M. J. Rciset found that when platinum black is mixed with the salt, nitrogen is 
given off by the decomposing mass — according to M. Bcrthelot, by the side reaction : 
5NH4N03=:4N2d“9H20“b2HN03. E. B. R. Pridcaux and R. M. Caven have found 
that the hydrolysis of ammonium nitrate which occurs when an aq. soln. of this 
salt is evaporated in an acid-resisting vessel is very small and the loss is consequently 
inappreciable. There is considerable loss of ammonia when ammonium nitrate 
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Boln. is evaporated in contact with iron, accompanied by corrosion of the iron and 
consequent pollution of the residual salt. This is due to interaction between the 
iron and the hydrolytic nitric acid, with concomitant loss of ammonia. The 
substitution of aluminium for iron as the material of the containing vessel almost 
entirely obviates loss of ammonia because of the inertness of this metal towards 
nitric acid. 

In addition to the three modes of decomposition just indicated the salt can 
also decompose into nitrogen peroxide, nitrogen, and water . 4NH4N038oiid=3N2 
+N204~{-8Il20+29*5 Cals. There is also a possible formation of nitrogen trioxide : 
3NIi4N()3s<^>ij(i=2N2+6H20iiquid+N203+42‘5 Cals. If the salt be superheated, 
especially from 230^ upwards, the decomposition becomes more and more rapid, 
and ends by becoming explosive at the same time as the salt becomes incandescent. 
According to M. Berthelot, the explosive reaction : 2NH4N03=:=2N2+4H20+02* 
is brought about by suddenly heating the salt to a very high temp, under great 
pres^s., find it requires a strong detonator — e.gr., ficcording to C. A. L. de Briiyn, 
by mercury fulminate; the explosive reaction : 2NH4X03=N2+2N0+4H20, 

occurs with the aid of a weak detonator ; while the reaction : NH4NO3—N2O 
+2H2(), occurs when tlie salt is gradually lieated without any marked increase 
of press. M. Berthelot also found that the product of the heat of the reaction, 
with the volume of gas — F litres — ^produced in the reaction (water as vapour), 
represents the maximum work ])erformed by the explosion. For the first-named 
reaction, (V,.“121 Cals., and ^„F-^411,(KX) ; for the second reaction, 

(?„=.-14() CaLs,, and ; and for the third reaction, ^,,= -151 

Cals., ^=836, and Q^^K-"12b,rKX). This agrees with facts in so far as the first of 
the three explosive reactions is the most violent, and the last-named reaction 
least violent. There are thus, at least, seven dillerent ways in which ammonium 
nitrate can decompose — some of these proceed as concurrent or side reactions. 
J. J. Berzelius, for instance, says that if heated so strongly tliat the vessel becoines 
filled with white fumes, nitric oxide, ammonium nitrate, and free ammonia are 
evolved as well as nitrous oxide. When rapidly heated by throwing the powdered 
nitrate on a red-hot porcelain plate or red-hot crucible, it burns with a very slight 
noise — alienee the old name 7iitru7yi Jlam}}Wf}s — ai\d gives off water, nitrous acid, 
and nitrogen gas. According to A. Pleisch, if mixed with an equal weight of 
calcium (‘Iilorido, and hc^ated, nitrous acid, chlorine, and nitrogen gas are formed, 
tlien ammonium chlorhle sublimes, and calcium chloride mixed witli some calcium 
oxide remains ; a mixture of equal weights of ammonium nitrate and potassuxm 
chloride under similar conditions gives nitrogen, chlorine, sublimed ammonium 
chloride, and a mixture of })otassium chloride and nitrate. 

Ammonium nitrate may decompose with explosive violence when heated with 
reducing agents, but a strong initial impulse is usually required to start the explosion. 
(t. Iloth patented an explosive made from a mixture of almyiinivm powder 
and ammonium nitrate. Most of tlie metals are oxidized by the fused salt. 
J. P. Emmet found that zinc dissolves as rapidly in the fused salt as in an acid, 
a}id evolves so nnicli heat that the temp, of the mixture rises rapidly to 260"^, when 
nitrogen, ammonia, and water arc given off, but no nitric or nitrous oxide ; lead 
also is rapidly oxidized ; antiwovy, bmnuthy nickel^ copim\ and silver arc oxidized 
slowly ; arsenic, tin, iron, and merenry are not affe(*4ed. L. A. Buchner says that 
silver is oxidized with the evolution of nitric oxide, and the formation of ammonium 
silver nitrate ; W. R. E. Hodgkinsoii and A. H. Coote say that iro7i and alwminiuni 
are not attacked ; and that witli cadmium, nitrogen is evolved. H. Morin studied 
the action of cadmium on fused ammonium nitrate, which results in the formation 
of a complex nitrate. According to J. P. Emmet, a fused mixture of ammonium 
nitrate and chloride dissolves most of the metals, including gold, platinum, rhodium, 
and iridium ; and many metal oxides and minerals — c.r/. titaniferous schorl, chrome 
iron ore, pitchblende, and molyl)denum 8ul])liide. Ammonium nitrate explodes 
when thrown on red-hot charcoal. R. F. Marchand found that if phosphorus be 
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on tlio fused salt, it l^oms j^rUlian^r^ fopung; plu>ii^h^ 

-pl^bspiiohiB be in excess, ^toidde W’^fbtnijed.^^:'^ 

' that su/p/iur can be fused with we salt without Pact^zi. 

Solu. of amtnoniUm nitrate apredui^ by lUany of f^e metals. W';R. E. Hodg- 
kinson and A. H. Coote say that cadmium dissolTes in the ice-Oold soln. without 
developing any gas, and the soln. contains a nitnte, and when heated to 100° 
nitrogen is evolved ; zinc and magnesium react slowly in consequence of the forma- 
tion of a sparingly soluble double salt ; nickd and copper also react very slowly ; 
while lead is soon covered by a crust of lead nitrate ; aluminium, iron, silver, and 
mercury are not perceptibly attacked. E. Ramann, however, found that iron 
reduces the soln. of ammonium nitrate : 2NH4N084-Ee==Fc(N03)2-f-2NH3-hHa. 
No hydrogen is evolved, because, said E. Ramann, it is spent in reducing the nitrate 
to nitrite. 

Ammonium nitrate mixed with litharge expels ammonia from the solid salt at 
ordinary temp. T. J. Pelouze found that when ammonium nitrate is treated with 
a little sulphuric acid, ammonium sulphate and nitric acid are formed ; the same 
result obtains with the dried salt in fifty times its weight of sulphuiic acid provided 
the temp, is below 120° ; but at 150°, nitrous oxide mixed with a little nitric oxide 
and^tric„,acid vapour is evolved., and sulphuric acid and water remain. If the 
salt DC mixed with ten times its weight of sulphuric acid, about 75 per cent, of the 
salt forms nitric acid and ammonium sulphate, and 25 per cent, forms nitrous 
__ • oxide and water. C. O. Weber reported that 

}[ during the cone, of an aq. soln. of ammonium 

nitrate mixed with acetic acid, the whole mass 

/ ignites spontaneously, almost explosively, at a 

certain stage of the process — the reaction is a case 

^ of the ignition of hydrogen at the expense of the 

a7° — oxygen of the nitric acid. A little ammonium 

j' / L‘'Tfe nitrate in contact with fused poirtssiw/rt niintc, may 

d — ^ — -j- — ~ — produce incandescence, and from a similar cause. 

j I J. H. Gladstone and A. Tribe, and J. W. Gatehouse 

^ ^ found that a cold soln. of ammonium nitrate is 
Gnim-molectiesifMHfJtO^iaaeefsoU^iat reduced by electrolysi.s, or by the copj)er-zinc couple 
Fig. 87. — Fusion Curves of the forming ammonia ; if the soln. is hot, some nitrogen 
Sj'Btem, NH*NOs peroxide is formed. 

— HNO,. Ammonium nitrate has a sharp, bitter, un- 

pleasant taste. Its physiological action, has been studied by T. Case.^® The salt 
is used in making freezing mixtures ; in the manufacture of explosives ; and in the 
preparation of nitrous oxide gas. 

Ammonium nitrate is able to unite with nUric add forming complex acid salts. 
They are formed by dissolving ammonium nitrate in nitric acid. Two of these 
salts were prepared, in 1879, by A. Ditte, aounonium difaydro-trinitrate, 
NH4NO3.2HNO3, or NH4H2(N03)3, which melted at 18°, and anuttoiiiaiii hydro- 
dinitrate, NH4NO3.HNO3, or NH4H(N()3)3, which melted at 9°. The trinitrate 
prepared by E. Groschuff was in the form of prismatic needles, melting at 29‘5° ; 
the dinitrate forms thin six-sided plates, melting at 12°. A. Ditte’s m.p. are lower 
than E. Groschufi’s. R. Engel 1* showed that the solubility of ammonium nitrate in 
water is at first lowered by the addition of nitric acid, down to a minimum, and is 
then raised. The reduced solubility is supposed to be in accord with the general 
effect of like ions on the solubility of a salt, and this is later counterbalanced by 
the formation of complexes. E. Bouty studied the electrical conductivity of soln. 
of ammonium nitrate in nitric acid. 

E. Groschuff studied the binary system NHtNOs— HNOg over a range of temp. 
— 10° to 70° ; and he prepared the solubility or fusion curves shown in Fig. 87 . 
The solubility of ammonium nitrate in nitric acid is expressed in raols. of the salt 
in 100 mols. of nitric acid : 
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8 * 

21*1 


29 - 6 " - 16 - 6 “ 

«0 0 93'6 


NH«NO,.2HNO, 


'I' ii» la- H-6* 

66-7 84 3 . 95 1 108-0 

“ NH«NOa.HNOa (labileP 


170 79» 

961 168 

NH«NO, 


After passing through, the eutectic minimum at 16® shown in the dia^am, the 
curve rises to a maximum 29’5®, which represents the m.p. of the trinitrate. If 
the soln. be rapidly cooled to 10°, the eutectic does not appear, and by slowly cooling 
the liquid to 6° the dinitrate separates, and the unstable dinitrate so formed has a 
m.p. 12° which appears as a maximum on the curve, Fig. 87. The dinitrate, 
NH4NO3.HNO3. is decomposed by water, but the solubility of ammonium trinitrate, 
Nfl[4N()3,2HN03, has been determined. Representing the solubility in mols. of 
NH4NO3.2HNO3 (as solid phase) 100 mols. of total soln. (Nir4N03.2HN03+H20) : 


-8° ~2*.V S-O® 8*5° 19*5'’ 25'" 29*5'’ 

Salt • . . 22*0 23*1 24*3 25*7 20*0 31 0 oo 


The results are represented by the dotted curve, Pig. 87, which ends at 29’5®, the 
m.p. of the salt. 

P. A. H. Schreineniakers and P. H. J. Hoeiien found that aq. soln. of ammo- 
nium sulphate and nitrate furnish two complex salts, ammonium nitratO-aulphate» 
(NJl4)2S04.NIl4N03, and ammonium dinitrato-siilphate» (NH4)2S04.2N1:^N03. 
Both salts arc decomposed by water, but are stable in the presence of an excess 
of ammonium nitrate. 

In his memoir : On the union of ammonia nitrate with ammonia (1873), E. Divers 21 
showed that dry ammonium nitrate absorbs consideraWe quantities of ammonia 
gas, forming a colourless, mobile liquid w’-hose composition changes with the temp, 
and press, at which the absorption occurs. The change may be likened to the 
deliquescence of a salt in moist air. The liquefaction occurs more rapidly if the 
absorption occurs at 0°. The soln. has been called Divers' liquid, and it has the 
property of being able to dissolve more ammonium nitrate, and this the more the 
higher the temp., but the salt loses its power of absorbing ammonia as the temp, 
rises. P. M. Raoult measured the amount of ammonia absorbed by 100 grms. 
of the salt at a press, of 700 mm. and found : 

--n)'’ 12 ® 18^ 28* 28-5* 30-5^ 40*5* 79* 

Gnus. NHs . . 12*50 33*00 3 i oO 23*25 21*25 17*50 6*00 0*50 


laqniil Solid 

L, Troost believed that two definite com])ounds were formed, anwionmm sesquu 
amrnino^nitrate, 2NII4NO3.3NHS, wliich is solid below — 22*^ ; and armnonium 
triammino-nitraie, NH4NO3.3NII3, solid below —55''. P. M. Raoult also inclined 
to the view that definite compounds are formed, because the proportion of ammonia 
absorbed between 12*^ and 18'' is constant 32 8 grms. per 100 grms. of the nitrate, 
while the amount falls from 48 grms. to 32*8 between 0® and 12'' ; and from 32*0 
to 18*0 grms. between 18" and 30". The ammonia absorbed in the region between 
12" and 18° corresponds wdth L, Troost’s sesqui-ammino-compound. B. Kuriloff 
has shown tliat the vapour tension rises from 90 mm. at — 30° to 365 mm. at 0°, 
and to 930 mm. at 25°. The constancy in the vapour curve at 360 mm. corresponding 
with the sesqui-ammino'Conipound represents a sat. soln. of ammonium nitrate 
in ammonia, B. KurilofE also interpreted the curves showing the composition of 
the product with toinp. as indicated in Pig. 88, The following is a selection from 
the data showing the f.p. of mixtures containing the indicated number of mols. 
of aiamonium nitrate per 100 mols. of the mixture NH4N03+Nir3 : 

Grin. mol. NH4NO3 . 100 53*8 36*9 32*3 13*9 6*25 0® 

P.p. . . . 168° 68*8° —10*6° —30° -44*5'’ - 60° -80° 

Solid phase NH4NO3 NH4(NH3)N03 NH3 

It is therefore probable that in the range ABy Fig. 88, a sat. soln. of ammonium 
nitrate in liquid ammonia is involved ; that the curve BCD covers the region of 
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stability of ammonium triammino-nitrate, NIl4(NHs)3N08, that the maximum 

0 at about —*40® represents the m.p. of this compound ; that the eutectic B lies 
between NH4NO3 and NH4(NH3)3N03 ; and the eutectic D, between NH4(NH3)3N03 
and NH3. The curve DE represents the drop in the f.p. of liquid ammonia by 
additions of ammonium nitrate. The dotted portions of the curves are interpolated ; 
the circles represent observations. These results were confirmed by J. Kendall and 
J. G. Davidson. 

Heat is liberated during the formation of Divers' liquid, the amount represents 
the difference in the positive latent heat of liquefaction of the ammonia, and the 
negative heat of soln. of the nitrate, E. Divers measured the sp. gr, of liquid and 
found for soln. with 49*55, 33*4, and 27*2 grms. of ammonia per 100 grms. of ammo- 
nium nitrate, at 15*5^, the numbers 1*07251, 11559, and 1*1996 respectively. 
J. F. Schroder measured the eq, conductivity between the and 18"", and 

found for soln. with 12*25, 18*75, and 26*20 per cent, of ammonium nitrate, the 
respective conductivities A=r.ll0*6, 100*8, and 83*17. The conductivity is very 
similar to that of liquid ammonia soln. During electrolysis, K. Divers found 
nitrogen to be evolved at the anode, hydrogen at the cathode, in the })ropurtion 

1 :3 by volume. The chemical properties of Divers' liquid agree with the hypo- 
thesis that it is a soln. of ammonium nitrate in liquid ammonia. E. Divers , ,) . Broun 

and G. Arth have qualitatively noted many of 
these. Bromine dissolves liberating nitrogen ; 
iodine forms a solid mass — possibly N2llfif2- The 
metals ])otassium, sodium, cadmium, magnesium, 
zinc, and iron dissolve in the liquid, reducing the 
nitrate to nitrite — ^j)otassium inflames on tlui liipiid 
as it does on water ; co]>|)er and tin do not appear 
to be attacked. The action of ]>hos[v]iorlc or 
chromic acud is not very energetic,. Merc-urems 
chloride forms metallic mercury ; mercuric iodide 
turns white and tlien dissolves ; ])otassium per- 
manganate readily dissolves, and is tlieii slowly 
decojnposed ; lead arid platinum salts form 
ammino-compounds. Ether causes a s(^paration 
(ff the liquid into ammonia and ammonium 
nitrate. Aiiimonium carbon, ate ; lead, calcium, 
and silver chloride ; lead iodide and nitrite ; 
potassium nitrite ; and sodium nitrate readily dissolve in the liquid, wliile potassium, 
sodium and mercuric chlorides ; potassium nitrate ; ammonium })romide, iodide, 
oxalate, and sulphate : and (jalcium carbonate are sparingly soluble in Divers' liquid. 

E. Rcngade found that by adding a little water to a mixture of sodium nitrate 
and ammouitim chloride, only the te:nary mixture of solid NaN03“-Nn4N03 
— NH4OI can exist without change at ordinary temp. ; and by adding crystals of 
sodium nitrate to a sat. soln. of ammonium chloride, or by shaking sodium nitrate 
{()*588 mol) and ammonium chloride (0*467 mol) with a little water, only the ternary 
mixture NaNOjj — NIIjCl—Natl can exist under the same <!onditions. A. Massink 
studied the ternary system (NH4)2804— NH4NO3— ILO at 30"^ and 70'*'. 
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§ 39. Normal or Tertiary Alkali Orthophosphates 

C. 6. Gmelini prepared trilithium phosphate, Li3P04, by adding a soln. of^ 
I)ho8plioric acid to a soln. of lithium carbonate — not the sulphate — *J. J. Berselius 
used lithium acetate in place of the carbonate. C. F. Rammelsberg treated a soln. 
of a neutral lithium salt— chloride or acetate — with ammonium phosj^hate and 
ammonia. Unlike the other alkali phosi^hates the sparing solubility of lithium 
phosphate leads to the formation of a precipitate in all these cases. W. Mayer 
studied the precipitation of lithium phosphate from soln. of lithium salts with a 
view to the employment of the reaction for the gravimetric determination of lithium 
in the presence of the other alkalies. He found that when a clear soln. of a lithium 
salt with disodium or dipotassium hydrogen phosphate is allowed to stand, the 
mixture gradually becomes turbid. The precipitation occurs more readily if the 
soln. be neutralized with sodium or potassium phosphate mixed with ammonia, 
and heated. The evaporation to dryness of a mixture of a lithium salt of a volatile 
acid with sodium phosphate gives a residue of trilithium phosphate : SLiNOs 
+Na2HP04^r=^Li3P04+2NaN034 HNO3, from which the soluble nitrate can be 
removed by washing. Ammonium phosphate and ammonia can be employed in 
place of the sodium salt, but the lithium phosphate is more soluble in the soln. of 
the ammonium salt. If the free acid be neutralized with sodium carbonate, the 
product will be contaminated with the admixed sodium salt, but no double salt of 
lithium with sodium or ammonium jihospliate, is formed under these conditions. 

Normal or tertiary sodium phosphate ap])ears to have been first described by 
T. Thomson in 1825 as a sodium phosphocarbonate. It is doubtful if the salt can 
exist in aq. soln., under ordinary conditions, without hydrolysis, Na3P04+H20 
^Na0H+Na2HP04, so that an excess of sodium hydroxide is required for its 
preparation in the wet way. With cq. ]»roportions of acid and base, the crop of 
crystals had the composition 2Na3P04.Na2HP04, and the mother liquid gave 
feathery crystals 18Na3p04.Na20. According to J. H. Smith, the best way of 
making trisodium phos])hate is to mix the mixture 36H3P04-f-37Na2C03 for the 
first stage of the jirocess, and mix the product with 38Na(>H. E. Mitscherlich 
obtained the tertiary salt by calcining disodium hydrogen phosphate with an excess 
of sodium carbonate ; T. Graham calcined i)hosphoric acid, or sodium p}T:ophos- 
phate, Na4p207, or sodium metaphosphate with sodium hydroxide, or boiled soln. 
of these salts for some hours. According to G. Dragimdorff, trisodium phosphate 
is made by passing the vapour of phosphorus over heated sodiiim carbonate. The 
anhydrous salt is most conveniently made by heating the dodecahydrate. , The 
cone, soln,, with sodium hydroxide in excess furnished hexagonal crystals of dode* 
cahydrated trisodium phosphate, Na3P04.12H20. C. F. Rammelsberg obtained 
octohedral crystals of decahydrated trisodium^^phosphate, Na3P04.1()H20, from 
the waste liquor of soda works ; and J. A. Hall, and H. Baker obtained hepta- 
hydrated trisodium phosphate from a soln. containing equal weights of disodiuni 
hydrogen phosphate and sodium hydroxide, at about IV. J. A. Hall could not 
verify G. F. Rammelsberg’s decahydrate, and J. d’Ans and 0. Schreiner found only 
the dodecahydrate as a solid i)hase at 25°. 

T. Graham employed a similar process for tripotassium phosphate, K3PO4 ; 
a soln. of the cold mass in water furnished needle-like crystals. G. Darracq prepared 
what he thought to be tripotassium phosphate by fusing potassium dihydrogen 
phosphate, KH2PO4, with potassium hydroxide, but, according to L. Staudenmaier, 
the product is potassium metaphosphate, KPO3. 

The sodium phosphates can be made on a large scale from calcium phosphate or bone 
ash, the mineral phosphates, or Thomas slag. The calcium phosphate or borio can b© 
digested with sulphuric acid and the r©.sulting phosphoric acid (<7.1’.) treated with sodium 
carbonate or hydroxide. J. Neustadtl treated the bone aah with hydrochloric acid, and 
mixed the soln, with Glauber’s salt, and neutralized the filtered soln. with soda, R. Holver- 
soheit digested iron phosphate from Thomas slckg with sodium sulphide under press. L. Blum, 
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J, T, Way, and T. TNvynani heated Thomas slag with soda, and extracted tho alkali phosphate 
with water. N. A. H^douis and IVf. Rychonnot, L. Imx>oratori, and F. Jean calcined a 
mixture of the phosphate with sodium sulphate and caribou ; C. Schwarz, and M. JBoblicjue 
heated the miuored with iron so as to make ferric phosphate, which was then licated with 
sodium sulphato and carbon. In each of these coses tho alkali phosphate was leached 
from the mass. M. Drevermann treated the iron phosphate with sodium sulphide, 
C. Clemm with potassuun sulphide. 

J. H. Smith prepared a series of crystals of the basic salt 18Na3P04.Na20 
by crystallization from a soln, with 4 per cent, excess of sodium hydroxide. Crystals 
of 6Na3P04.Na20 were also obtained. There is nothing to' show if chemical 
individuals, mixed crystals, or adsorption phenomena are here involved. 

E, von Berg prepared colourless prismatic crystals of tetrahydraied trirubidium 
phosphate, Rb3P04.4H20, by crystallization, over sulphuric acid, of a solii. of 
two mols. of phosphoric! acid, and three of rubidium carbonate, and he obtained 
crystals of pentahydrated tricSBSium phosphate, Cs3P04.5n20, in a similar manner. 

E. G. Parker ])repared triliydrated tripotassium phosphate, K3P04.3J:[20. 

According to W. Mayer, trilithium phosphate forms white pulverulent crystals ; 

C, P. Rammelsberg said that the precipitated salt contained to 7*45 per cent, 
of water — calculated for 2Li3p04,H2f ^ cent.— half of whieJi it loses at 200'' ; 

and that the salt precipitated from litliium chloride soln. in the presence of ammonia 
contains 11 09 per cent, of water. L. Ouvrard obtained rhombic prisms of trilithiuin 
phosphate by crystallization from molten potassium phosphate, and A. do 8<*halien 
obtained rhomboidal plates, probably hexagonal, by cooling an aq. soln. of the 
salt. The measurements of C. F. Rammelsberg, and 11. Diifet show that the 
dodecahydrated trisodium phosphate, Na3P04. 121120, forms trigonal crj'stals, 
andH. Steinnietz gav'o a : c — 1 :0‘5394,amla=lir'4r. II. Baker found cry .staLs to 
be isoiuorphous with the corresponding arsenate, Na3As04.12H20, and vanadate, 
Na3V04.12H20, which crystallize in the trigonal system. 0. F. Kaiumelsberg says 
that decahydrated trisodium phosphate, Na3P04.1()H2O, form octaliedral crystals. 
The crystalline forms of the other tertiary phosphates have not been recorded. 

A. de Schulten gives tlie specific gravity of trilithium phos[>haTe as 2*41 at ir)'"" ; 

F, W. (hark gives 2*5111 (12^) for the sp. gr. of trisodiuiu ]>hosphatc which has been 
fused ; and for the ordinary anhydrous salt, 2*5307 (17*5' ), II. Dufet gives 1*0145 
for the dodecahydrate, and H. Stdiift' 1*618, and L. Playfair and J. P. Joule, 1*022 
(3^). H. Schiff’s values for the sp. gr. of 5, 10, 15, and 20 per cent. soln. at 15^ 
are respectively 1*0218, 1*0445, 1*0081, and 1*0925. (h Forch found the coefficient 
of expansion of aq. soln. of tripotassium phosphate X 10® between ; 


Salt per litre 

. 0'’-.r 


10^-1 r>" 

15^-20" 

20'"--25'’ 

2r>'"^30' 

106 grins. 

. 201) 

243 

279 

310 

344 

365 

212 gnus. 

. 320 

340 

350 

377 

394 

409 


P. ISL Haoult found the lowering of the freezing point of aq. soln. of trisodium 
phosphate to be 0*298° per grm. in 100 gnus, of water, or the mol. lowering is 48*9. 
6. Tammann found the lowering of the vapour pressure at 100° for soln. with 6*16 
grms. of Na3P()4 per 100 grms. of water to be respectively 12*5, 31*5, and 69*8 mm., 
i7*47, and 45*31. According to L, Ouvrard, trilithium phosphate sinters at a red 
heat, but its melting point is niiicli liigher -T. Camel ley gives 837°. (J. P. Kammels- 
berg says that decahydrated icisodium phosphate melts in its water of crystalliza- 
tion at 100°, and that it loses 48*71 per cent, of water at 110°, and the remaining 
2*46 per cent, at 150°. T. Graham fouiul dodecahydrated sodium pho.sphate to 
melt at 76*7° ; T. W. Richards and J. B. Churchill give 73*3°, and they proposed 
this temp, as a fixed point in thermometry. J. d'Ans and O. Schreiner give 
70*75° ± 0*1° for tho transition point. The dodecahydrate was found by T. Graham 
to lose 55*19 ])cr cent, of water at a red heat, and the remainder when re-powdorcd 
and re-calcined ; while, according to C. F. Gerhardt, the salt loses 5*2 per cent., eq. 
to one mol. of water at 100°, and not all is lost at 200°. According to M. Amadori, 
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anhydrous tripotassium phosphate melts at 1340°. M. Amadori found the system 
KP— K3PO4 has a eutectic at 766° (20 mols. per cent. K3PO4), and there is a further 
development of heat at 700°, probably due to the decomposition of a compound. 
I^he system K(/l -—K3PO4 gives no indication of the formation of a definite compound, 
T. Graham, and M. Berthelot and W. Louguinine found the heat ol neutraliza- 
tion : 21l3P03aq-|-3K20aq"^36‘9 Cals., and for the sodium salt 34*03 Cals.; 
M. Berthelot gives 33'6 Cals. M. Berthelot and W. Louguinine give for the heat 
ol formation of trisodium phosphate from its elements 452*4 Cals., and for tripotas- 
siurn phosphate in aq, soln. 483*6 Cals. A. Joly gives —14*5 Cals, for the heat 
of solution of dodecahydrated trisodium phosphate in 670 mols. of water at 18° 
to 20°. IT. Baker found the index of refraction of dodecahydrated trisodium 
phosphate for the ordinary and extraordinary rays of sodium light to be respectively 
1*4486 and 1*4531) ; and li. Dufet found respectively 1*4458 and 1*4524. E. Doumer 
found the sp. optical refraction of a dil. soln. of trisodium phosphate to be 0*392, 
and the mol. refraction, 64 3. E. G. Parker found the crystals of anhydrous and 
trihydrated tripotassium [>hosphate to be biaxial. E. K. Brooks found that when 
exposed to the cathode rays lithium phosphate phosphoresces a bright light 
Cambridge blue. 

The electrical conductivity of trisodium phosphate soln, has been measured by 
E. Bouty at 14° ; by M. Berthelot at 17° ; and by P. Walden at 25°. M. Berthelot 
finds the mol. conductivities, /x, for a mol. of the salt in v litres of water : 

V , . . , n 10 20 no 100 200 ooo 

, . 49*2 00*4 71-2 81*5 87-4 90*5 91*0 

/xK^rOi , , ~ 74*5 85*2 97*9 105*0 107*5 108*4 

With high dilutions P. Walden found the increase with dilution is very small and 
finally decreases, showing that the salt is completely hydrolyzed. W. Hittorf 
measured the transport numbers of the ions of tlie sodium salt. 

So far as data are available the solubilities of the*, normal phosphate^s appear 
to increase in passing tlirough the alkali family from lithium to caesium phosphate. 
W. Mayer says that l()0 gnus, of water dissolve 0*034 gnn. of trilithium phosphate 
at 18°, and 100 grins, of about 1 *6iV'-ammoniac.aI water 0*026 grm. ; the salt is 
much more easily soluble in the presence of ammoniacal salts, and is precipitated 
by boiling such soln. with alkali hydroxides. According to W, Mayer, C. P. Ram- 
mclsbeirg, and A. de Schulten, trilithium phosphate is readily soluble in dil. hydro- 
chloric, sulphuric, and even acetic acid, and barium hydroxide precipitates barium 
]3hosphatc, leaving the lithium salt in soln. The solubility of trisodium phosphate 
in water is given by G. J. Jfiilder and A. B. Poggialc in grams of salt per 100 grms. 
of water : 

0^ 2r>'’ 30^ 40'‘ 50° oo'* loo** 

Grms. NaaPO* . 1*5 4*1 11*0 15*5 20 31 43 55 81 108 

The solid phase is the dodccahydratc — see Fig. 86. — ^O. Apfel said the solid phase 
between 0° and 30° is the dodecahydrate ; between 30° and 50°, the decahydrate ; 
and between 50° and 75°, probably the octuhydrate. T. Graham gave 19*6 at 15*5°, 
and H. Schiff 10*5 at 15°. C. Uarracq says tripotassium phosphate is sparingly 
soluble in cold water, but readily soluble in hot water. B. von Berg's tetrahydrated 
tririibidium phosphate is very hygroscopic and very soluble in water, likewise the 
pentahydrated tricimsium phospliate. Jf. Arctowslcy found anliydrous trisodiiim 
phosphate to bo insoluble in carbon disulphide. 

The aq. soln. of trisodium phosphate reacts alkaline to methyl orange, phenol- 
phthaleiri, and litmus ; and neutral to Porrier's blue. The aq. soln. of trirubidium 
and trica'sium phosphates also react alkaline. J. Shields, J. 31. van Bemmelcn, 
and A. Kossel found that in aq. soln., trisodium phosphate is almost completely 
hydrolyzed by water into disodium hydrogen phosphate and sodium hydroxide. 
K. 8alin calculated that the degree of hydrolysis is about 23 per cent, of the 
sodium or 70 per cent, of thePO^ ; E, Blanc that 341 per cent, of a0*012A^-soln. 

VOL. ri. 3 
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» lydrolyjsed at 26*. C. F. Rammelslwrg obtained diaodium by^jgen phoB])hato 
and sodium carbonate by reorysiallmng the salt from water in air containing! 
carbon dioxide. T. Graham found that owbon dioadde converts a soln. of truodiuiu 
phosphate into a mixture of disodium hydrogen phosphate and sodium carbonate, 
^ other feeble ac^ ako remove one^third the sodium. £. Filhol and 
J. B. Senderens found that aq. soln. of sodium phosphate when boiled with flow('.r.s 
of uulplllirt react 2S8~b3Jia0H-6Ni^F04«=2NajS-l-NajS20j'l-6NaaHP04 ; and 
simS^y with the pota^hm salt. With the sodium salt^ the. reaction continues 
until the so-called' sodium sesquiphosphate is formed. B. W. Gerland says tbe 
crystalline salt, Na3F04.12H20, rapidly absorbs solphw dioxide, forming a syrupy 
liquid from which sodium hydre^en sulphite crystallizes. Alcohol precipitates 
oily monosodium dihydrogen phosphate from the mother liquid, and the alcohol 
retains the sulx)hite. T. Graham futmd that anunonia is evolved when ammonium 
nitrate is treated with trisodium phosphate ; and that silver nitrate ]>recipitates 
trisilver phosphate, Ag3P04, leaving the liquid neutral. For the action of hydrogen 
peroxide, see the perphosphoric acids. According to G. Merling, trilithium 
orthophosphate decomposes with the evolution of ammonia when boiled with 
ammonium chloride soln., Li3P04-f-2NH4CI=LiH2P04-l-2LiCI-f 2NH3. 

E. Pilhol and J. B. Senderens 2 found that if phosphoric acid be exactly neutral- 
ized with sodium hydroxide, and the soln. be evaporated in vacuo over sulphuric 
acid, rhomboidal prisms of trihydrated trisodium trihydrodiphosphate, or sodium 
sesquiphosphate, Na3PO4.H3PO4.3H2O, or Na^8(P04)2.3H20, are formed ; at 
110“ the crystals lose all their water of crystallization without mellmg, and form 
Na8P04.H3P04 ; at 200“, they lose the combined water, melt, and on cooling form 
an opaque enamel. E. Filhol and J. B. Senderens also obtained the pentadeca- 
hydrated sodium sesquiphosphate, Na3P04.H3P04.15Ha0, by evaporating the 
^oln. obtained by boiling sulphur with a soln. of sodium phosphate at ordinary 
temp, in a stream of dry air. The crystals melt at 55“ in their water of crystalliza- 
tion. E. Filhol and J. B. Senderens also made prisinatic needles of what they 
regarded as a potassium sodium sesquiphosphate,' K3P04.Na3P04.2H3P04.22H2d, 
but there is no evidence to show that this product is a chemical individual. Sodium 
tri-, tetra- and deca-phosphates are described in connection with the corresponding 
acid.H. 

Compounds of the trialkali orthophosphates with the alkali fluorides have been 
prepared. Thus, H. Briegleb^ obtained dodecahydrated tetrasodium fluo- 
phosphate, Na3P04.NaF.12H20, by the action of soda l)re on a mixture of sodium 
fluoride and trisodinm phosphate ; by melting fluorspar, tetrasodium pyrophosphate!, 
and sodium hydroxide, and, after boiling the powdered mass with water, evaporating 
the aq. soln. , and by boiling cryolite with trisodium phosphate and sodium liydroxide, 
filtcrin,g off the alumina, and evajmrating for crystals. Strong boiling is to bo 
avoided, since it is liable to decompose the compound with the separation of sodiuni 
fluoride. The octahedral crystals belong to the cubic system ; their sp. gr. is 
2-2165 ; they melt with decrepitation when heated ; and 100 grms. of water dissolve 
12 grms. of the salt at 2.5“, and 57-5 grms. at 70“ forming liquids with the respective 
sp. gr. 10320 and 11091. A. Baumgarten used different proportions and prepared 
octahedral crystals of 2Na3p04.NaP.(19 and 22)H20. 0. F. Ranimelsberg also 

prepared octahedral crystals of the composition 2Na3P04.3NaF.36H20. The system 
K3PO4 — KF has a eutectic at 766°, and 20 molar per cent, of the phosphate, and 
there is a development of heat on the solid at 700°, due to the decomposition of a 
compound. R. F. Wcinland and J. Alfa prepared a potsssium fluophosphftte, 
P(0H)3(0K)F, or H3PO4.KF, by evaporating a soln. of tripotassium phosphate ami 
potassium hydroxide in 40 per cent, hydrofluoric acid, and afterwards crystallizing 
the soln. ; by cooling a soln. of prdassium hydroxide and i)ho8phoru8 pentoxide in 40 
per cent, hydrofluoric acid. The crystals are monoclinio plates which, according 
to H. Zirngiebl, have the axial ratios a:b: c— 0-8601 : 1 : 0-6208, and ^»=101“ 5'. 
The crystals are stable in dry air, but in moist air they lose hydrogen fluoride, and 
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leave potassium metaphospliate. They caunot be recrystallized from water. 
Warm sulphuric acid leads to the evolution of hydrogen fluoride. Rnbidiiun 
fluophosphate, l’(OH) 8 (ORb)F, and ceesium fluophosphate, P( 0 H) 5 ( 0 O%)P, were 
likewise prepared by K. F. Weinland and J. Alfa. 

P. Chretien prepared small prismatic crystals of lithium iodatopboophate, 
SLiaO.PaOfi.lSlaOB.llHzO ; sodium iodatophosphate. 6Na2O.P2O6.l8I2O5.6H2O ; 
and of potassium iodatophosphate, 4K2O.PaO6.l8IaO6.5H2O, by adding iodio 
acid to a syrupy soln. of monoatkalidihydrophosphide in phosphoric acid at 150 *'. 
The soln. is cooled slowly. The crystals decompose with the separation of iodic 
acid when digested with water. J. H. Smith prepared clusters of hair-like crystals 
of what he considered to be sodium carbonato-phosphate, Na3P04.2Na2C03, and 
he suggests that its constitutional formula may be : 

(NaO)a=P<^>C=(ONa)2 
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§ 40 . Secondary Alkali Orthophosphates 

In 1735 , Joan Hellot i prepared a salt from urine, which he regarded as a kind 
gypsum ; F. G. Haupt described this salt in liis Diairibe chenma de sale urinoe 
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perlalo imrabili (Regiomont, 1740). The name perlalum seems to have had re- 
ference to the greasy pearJ-like colour of a bead of the salt fused in the blowpipe. 
A. S. Marggraff examined the salt in 1745, and concluded that although it did not give 
off phosphorus when heated with carbon, yet it contained phosphoric acid. In 1757, 
J. H. Pott in his memoir on the urine salts considered it to be a kind of Glauber’s salt. 
H, M. Rouelle, in 1776, and L. J. Proust, in 1778, showed that it contained soda. 

M. H. Klaproth, J . F. Westrumb, and C.W. Scheele showed that the salt is an acid sodium 
phosphate, but L, J. Proust thought that the contained acid was analogous with 
boric acid. T. 0. Bergmann regarded it as containing a peculiar acid mi generis, 
derived from urine, and to which he gave the name acidum perlalum — pcrlatic acid — 
L. B. G, de Morveau suggested for it acide oureiique. The work of T. Graham showed 
more paHic\ilarly that the salt is disodium hydrogen phosphate, Na2HP04. It 
occurs in the urine of carnivora, and in the blood of animals. The salt was intro- 
duced as a medicine by G. Pearson in 1792, in wdiich ease it acts as a mild purgative. 
A. L. Lavoisier prepared potassium phosphate by neutralizing Valcali vegetal wdth 
phosphoric acid, much as J. Hellot prepared the sodium salt by the action of 
Valcali mineral. 

J. J. Berzelius 2 rocommonded making this salt by adding sodium carbonate 
to a boiling aoln. of phosphoric acid obtained from bone ash so long as effervescence 
continues. The liquid is filtered if necessary in order to remove any cal(‘ium or 
magnesium phospliate. which may be precipitated. The liquid is then evaporated 
for crystallization. The salt is further purified by evaporating to dryness a soln. 
of the salt mixed wuth sodium carbonate ; the cold mass is leached with water, 
filtered, and recrystal iized. E. F. Anthon says any arsenic which may be present 
is precipitated with the lime. In 1880, F. Rammelsberg found the commercial 
salt to contain vanadium. E. Mitscherlich and T. Graham made the salt by 
crystallization from a soln. of phosphoric acid and sodium carbonate or ac/Ctate. 
Similar processes to those used for the tertiary sodium pliospliate can be employed 
for preparing this salt from bone ash, natural phosphates, Thomas slag, etc. 

The dodecahydrate of disodium hydrophos]>]iate, Na2HPO4.12Jl20, crystallizes 
from cold soln, F. J. Malaguti’s analyses gave I3II2O. but this is a mistake, for the 
work of T. Clark, T. Graham, K. Fresenius, and li. F. Marchand shows that tlie sa lt 
contains tw^elve molecules of w'ater of crystallization, T. Clark prepared the hepta- 
liydrate of disodium hydrophosphate, Na2HP04.7H20, in accord with his analysis. 

N. A. Orloff prepared rhombohedral crystals of the dihydrate of disodium hydro- 
phos])hate by crystallization from a mixed soln. of sodium bromate and phosphate 
between 4()'^ and 45'", The dodecahydrated disodium 4iydrophosphate, 
Na2HP04.12Jl20, can be obtained by crystallization from aq. soln. below 36*45'^ ; 
between 36 5^^ and iS'’, heptahydrated disodium hydrophosphate, Na2HP04.71l2G ; 
between IS"" and 95*2'', dihydrated disodium hydrophosphate» Na2HP04.21l20, 
is formed ; and above 95*2", the anhydrous salt is stable. H. von Bliicher, aiul 
G. J. Mulder prepared aTihydrous disodium hydrophosphate» Na2HP04, by keeping 
the hydrated salt for many days in vacuo over cone, sulphuric acid, and T. Clark 
obtained it by heating the hydrated salt to KX)'- - at 3(X)" sodium pyrophosphate 
is formed. K. F. Marchand found no evidence of a salt witli a higher degree of 
liydration than the dodecahydrate. J. 11. Smith also reported a number of acid 
salts, Na2HP04 : Na3P04~-17 : 1 ; 8:1; 0:1; 3 : 1 ; 3 : 2 ; and 1 : 2 ; biit 
there is no evidence to show whether or not a series of mixed crystals is 
formed . 

Anhydrous dipotassium hydrophosphate, K2IIPO4, could not be oldained by 
T. Graham in the solid crystalline condition ; L. Staudenmaier always obtained a 
more acid phosphate by crystallization from soln. containing eq. quantities of 
potassium hydroxide or carbonate and phosphoric acid. No hydrated form has 
been prepared. E. G. Parker, and J. d’Ans and O. Schreiner have studied the 
conditions under which potassium and sodium salts are formed as solid phases — 
vide Figs. 86 and 87. E. von Berg prepared dirubidium hydrophosphate, 



863 


THR ALKALI METALS ' ^ 

Rb 2 HP() 4 , by the interaction of eq. quantities of rubidium hydroxide and ortho- 
phosphoric acid in cone, aqua ammonia. The resulting precipitate of ammojiia 
rubidium phosphate loses all its combined ammonia in vacuo over sulphuric acid. 
E. yon Berg prepared hydrated dicsesium hydrophosphate, CsjjHPO^.HgO, in a 
similar manner. 


C. F. Hamm elsber^ prepared a salt corresponding with 2 LijHP 04 .I-ii 3 H ()4 with one and 
two HjO. The conditions under which the salt is formed are vague, and its solubility is 
stated to bo ()*r» grrn. in 100 grins, of water at 15^, and it is said to lose most of its water 
at 150*^, all at 250^^, and to molt at a higher temp. 

The crystals of heptatahydrated disodium hydrogen phoHi)hate were, found by 
H. Diifet to be isomorphous with i.he corresponding arsenate. They form mono- 
clinic prisms with axial ratios a : 6 : c-=:l*2047 : 1 : 1 *3272, and 57'. He 

also found the crystals of the dodc(iahydi*ated salt to be monoclinic prisms with 
axial ratios a :b : c-=l*7319 : 1 : 1’4163, and P—12V' 24'. Measurements of these 
crystals have also been made by E. Mitscherlich, H. J. Brooke, H. Steinmetz, and 
V. F. Rammelsberg. II. Dufet and A. Joly have measured the rliombic bisphenoidal 
crystals of diliydratcd disodiuiu pliosphatc and foxind the axial ratios a: b : c 
— ()’9147 : 1 : 1*5687. Soln. of dodccahydratcd disodiuiu hydrophosphate vrere 
found by C. Tomlinson, and J. M. Thomson to bo readily iindercooled, and when crys- 
tallization occurs, much heat is evolved, and a mass of radiating crystals is formed, 

1'he specific gravity of dode<*ahydrated disodiiini hydrophosphate, 
NaolIP 04 . 12 JLO, by J. Tiinnermann is 1*5139 ; L. Playfair and J. P. Joule 
1*525 (3°) ; JL Kopp for the salt which has been fused- -1*586 {0 ')] H. Schiff, 
1*525 ; H. Buignet, 1*550 ; II. 8tolba, 1*5235 (15"^') ; W. 0. Sniitli, 1*535 ; H. Dufet, 
1*5313; and J. Dewar, r52(X) (17'"). H. Dufet also found for heptahydrated 
disodiiini hydrophosphate, 1*6789; and for the dihydrate, 1*848; JN. A. Orloff 
gives for the diliydrate, 2*066 (15 ). The sp. gr. of aq. soln. at IG"" were found by 
11, Hchiff to 1)C ; 


Ter cent. NajjHr 04 . 1211.0 . . 2 4 0 8 10 

8p, gr I *008:1 I *0106 I *0200 J *0:132 , 1 *0503 

H. Ktolba found for a soln. sat. at 16*^, 1*0511 ; and A. Mirhcl and L. Krallt, at 
15^^, 1*0469. W, W. J. Nicol found what he called the speciiic viscosity — time of 
flow of the salt soln. multiplied by UK), and divided by the time of flow of water 
at 20'^ — to be 405*4 at 20, 291*3 at 30^, and 220*3 at 40° for a soln. nearly sat. at 30'^. 

J. Dewar gives 0 0(XK1787 for the coefficient o£ expansion of solid dodeca- 
hydrated disodium hydropliosphate, and H. Kopp, betw^cen 5° and 35°, gives for 
the volume v at 0° when Vi is the volume at 0°, i?](l+O*OOOC>83O890— O*O(i47O990- 

+0*09179740'^), and for the molten salt between —37° and 68°, (1+0*0004350). 

C. Forch gives for a soln. of dipotassium hydrophosphate the coeff. of expansion 
XlO® between : 


Salt per litre 
87 grms. 

J 74 grms. 
348 grm«. 


o°-r>* 

5°-10° 

10^-15^ 

15^-20° 

20^-25 

25^-30° 

30°-35® 

35^-40' 

153 

lOti 

2:i6 

272 

311 

244 

374 

404 

250 

277 

303 

s:u 

350 

376 

390 

410 

338 

:149 

303 

379 

390 

405 

418 

432 


The melting point of anhydrous disodium hydrophosphate is stated by T. Clark ^ 
to bo at a rod heat, Avhen it loses 6*26 per cent, of water, and fornrs the pyrophosphate. 
He also says the pentaliydrato loses 47*63 per cent, of water at 300 and 3*47 per 
cent, at a red heat. C. C. Person gives the in.p. of the dodecahydrate as 34*6°, 
and H, Kopp 35°, when it increases 5*1 per cent, in volume on melting. T. C, Whit- 
lock and 0. E. Barfield say the water of crystallization is removed from hydrated 
disodium hydrophosphate by licating for one hour at 180°, while the constitutional 
water begins to come off at 230°, and is all expelled in one hour at 300°. H. Rose 
says that the water which begins to come off at 240° is simultaneously accom- 
panied by the passage of the salt into pyrophosphate. According to D. Ba|greff, 
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* disodiimi hydrophospLate is dehydrated at 250‘’+2®, even in very moist air, and 
thfe is probably the ®a.p. of the salt. He obtained pT'Ovavea by heating the dehy- 
drated salt with water in a glass tube of known volnme. Pyrophosphate is formed 
under these conditions. 0. 0. Person gives for the <A thwOD of dodeca- 

> hydrated dispdium, hydrophosphate, dd'^^Alipi^^csr .. grain, or oals, per mol 

at 36^1?, and 0*454 for the iBpedfle beat hetWn — 20“ and 2“ J itihd 0*758 for the 
molten salt between 44“ and 07®. The sp. lit. of the molten salt is thus greater 
than that of the solid salt. J. C. 6. de Marignac gives for the sp. ht. of soln. in 
100 and 200 mols of Water {3*8 and 7*3 per cent.) between 24® and .55°, 0*9345 
and 0*9617. W. Nernst and P. Kotef and P. A. Lind^oann give 0*323 for the 
heptahydrated and 0*3723 for the dodecahydrated disodium hydrophosphate. 
C. H. Lees found no apparent break in pi this salt on 

fusion. 

The heat Ol formati<m of disodium hydrpphpsphate from its elements is 418*9 
C^ls., according to J. Thomsen, ■while M. Berthi^ot and W. jTjouguinine give 414*9. 
With the progressive neutralization of phosphoric acid with sodium hydroxide, 
J. Thomsen found that 14*83 Cals, are developed with the first molecule ; this rises 
to 27*08 Cals, with the second molecule, and to .34*03 Cals, with the tliird. M. Bertlielot 
and W. Louguinine add that the first eq. of soda which combines with phosphoric acid, 
disengages a quantity of heat comparable with that attending the formation of the 
salts of strong acids. The second eq. disengages much less, scarcely more than is 
produced in the formation of a bicarbonate. The heat liberated by the union of 
the third eq. is still less, as its amount is comparable only with that set free in such 
reactions as the production of an alkaline phenate. But the reaction does not 
terminate abruptly with the third eq. of base, for the total heat continues to increase, 
though in a rapidly decreasing ratio, with the quantity of base added, until 5 eq. 
are reached. M. Bcrthelot found the heat of formation of dipotassium hydro- 
phosphate in aq. soln. to be 429*2 Cals. The heat oi solution of the dihydrate 
in 400 mols. of water is given by J. Thomsen as —0*4 Cal., and for the dodeca- 
hydrate, —22*8 Cals. ; L. Pfaundler gives —22*9 Cals., and for the pentahydratc, 
11*0 Cals., and he also gives 28*0 Cals, for the heat of hydliation of the anhydrous 
salt to the dodecahydrate ; J. Thomsen gives 28*47 Cals. 

P. C. P. Prowein found the dissociation pressure of the water of crystallization 
in dodecahydjpated disodium hydrophospha.tc, passing into the he^tahydrate, is 
4*61, 10*53, and2l*58mm.re8pectivelyat6*8*', 17*28®, and 27°. The calculated heat 
of hydration of this salt in this interval is 2*221 Cals.'; L. Pfaundler found 2*234 
Cals. ; J. Thomsen, 2*244 ; and P. C. P. Prowein, 2*242 ; H. Lescoeui* found the 
dissociation press, for the heptahydrate'to be 90 mm. at 20°, and for the dodecahy- 
drate, 13'.’’ mm. at 20°. T. Clark found that the dodecahydrate effloresces rapidly 
in air between 11° and 17°, forming the heptahydrate. H. Debray, L. Pfaundler, 
A. Horstmann, H. H. Pateau, H. ^hottky,-R. E., Wilson, and H, Precht and R, 
Kraut have also investigated the vap. press, of this salt. For the transition 
O- 2 H 2 O, W. MuUer-Erzbach gave 1*4 mm. ; for the transition 2 - 7 H 2 O, H. W. Foote 
and S. R. Scholes gave 12*4 mm., W. Muller-Erzbaeh, 13*6 mm., and A. A. Noyes 
and L. R. Westbrook, 14*51 mm. ; and for the transition 7 -I 2 H 2 O, H. W. Foote 
and S. R. Scholes gave 18*0 mm. P. C. P. Prowein, 18*8 mm., H. Lescoeur, 18*0 
mm., W. MuUer-Erzbach, 17*6 mm., and A. A. Noyes and L. R. Westbrook, 19*13 mm. 

W. Muller- Erzbach says that the chemical attraction of the salt to its water of 
crystaUization between 13° and 62° is constant. G. Tammann found the lowering 
of the vapour pceaniie of solutions of disodium hydrophosphate at 100° for soln. 
with 7*52, 34*42, and 84*12 grms. of salt per 100 grms. of water to be respectively 
12*8, 49*0, and 121*0 mm. O. T. Gerlach found the boiling point solutions of 
8*6, 17*2, 51*4, and 110*5 grms. of disodium hydrophosphat© in 100 grms. of water 
to he respectively 100*5®, 101®, 103®, and 106*5®. The last value probably repre- 
sents a supersaturated soln. Accor^ng 'to T. Griffiths, a sat. soln. of this same 
salt boils at 105® ; G. 3. Mulder gives 105® to 106*4® ; and J. Legiand, 106*6®; 
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The lowering of the freesdng point ol solutions of disodium hydrophosphate has 
been measured by F. M. Raoult, who gives 0‘260° for a gram of the anhydrous salt 
in 100 gnus, of water ; and the mol. lowering, 37'0 ; E. H. Loomis foimd for sola, 
with O'OlOOl, 0*02003, 0*05008, and 0*1002 mols. of the salt in a litre of water the 
respective mol. depressions 5 0°^ 4*84°,. Jt*60°, and 4*34°. This, says E. H. Loomis, 
corresponds with an extensive' ionizafidn in dil. soln. NaaHP64r=*2Na*+HP04". 
According to A. Ditte, when a mixture of equal parts of ammonium nitrate and 
dodecahydrated disodium hydrophosphate is triturated in a mortar, the temp, 
drops 18° ; F. RiidorfE says that 14 parts of the dodecahydrate in 100 parts of water 
lowers the temp. from40'8° to 7°, and to 3*7°. H. Dufet found the index of 
refraction of dodecahydrated sodium hydrophosphate crystals to be for Na-light 
1*4361; of the h^ptah; ^r ate, 1^^4424 ; and of the dihydrate, 1*4629. The optical 
refraction Vas found by*E. Douiner to be 0*292, and the mol. refraction, 41*5. 

The electrical conductivity of aq. soln. of disodium hydrophosphate has been 
measured by P. Walden at 25°, W. -Foster at 18°, E. Bouty at 14°, and M. Berthelot. 
The last-named found for a mol. of this salt or of dipotassium hydrophosphate in v 
litres of water at 17° the mol. conductivities : 


V . . . 10 20 50 100 200 500 1000 » 

pNa.HPOj . 49-2 .53*4 59*4 «30 6fl-2 098 71*4 820 

. . 09*6 74*8 80*0 83*7 87*4 91*0 93*2 102 0 

The temp, coclf. for normal soln. between 18° and 26" is 0*02.36. W. Hittorf 
measured the transport numbers of the ions of the sodium salt. A. Rius y Miro 
found that the electroljrtic oxidation of potassium hydrophosphate probably occurs 
in two stages : K2HP04->-K4P208“^2K2HP05. 

Thesolubilityof disodium hydrophosphate has been investigated by 0. J. Mulder,® 
H. Schiif, T. Shiomi, J. d’Ans and 0. Schreiner, W. A. Tilden, A. B. Poggiale, 0. Apfel, 
A. Muller, A. Ferrein, N. Neese, and D. L. Hammick, H. K. Uoadby, and H. Booth. 
According to G. J. Mulder, 100 grins, of water dissolve : 

0“ 10” 20” 30” 40” riO” 00” 80“ 100’ 

Grms. NajHPO^ . 2 5 3*9 9*3 24*1 63*9 82 5 91*6 96*6 99*0 

Solid phase. . NajHP04a2Hj0 NajHP04.7H,0. Na^HPoTsH^ NajHPO« 




I 


The solid phases were worked out by J. d’Ans and 0. Schreiner ; and the general 
results are graphed in Fig. 89. D. L. Hammick, H. K. Goadby, and H. Booth 
found that the dodecahydrate exists in two forms. 

The transition temperature of dodccidiydrate 
/S-diSOdium hydrophosphate, stable at ordinary 
temp., into dodecahydrated a-disodium hydro- 
phosphate, is 29*6°, and this is marked by a well- 
defined break in the solubility curve. 

G. J. Mulder says that the dodecahydrate 
begins to melt at 35°, but is not completely liquid 
until over 40°, so that the true m.p. is between 
40° and 41°, for between 37° and 38° the salt 
separates into a solid and liquid portion. For 
the transitioii point, Na2HP04.12H20£=i 
Na2Hl*04.7H20-f-5H20, C. C. Person gave 36*4°; 

H. Kopp, and W. A. Tilden, 35° ; A. E. Bam*, 

36*6° to 36*8°; A. W. C. Menzies and E. C. 

Humphrey, 35*2° ; T. Shioiui, 36*45° ; and 

J. d’Ans and O. Schreiner, 35*4° ±0*05°. D. L. , ■ t 

Hammick, H. K. Goadby, and H. Booth gave 35° for the transformation of 
a-N2HP04.12H20 to the heptahydrate. T, Okazawa found the tran^mn 
is raised if sodium chloride be present. For the transition point, Na2lll ^4-7«2^ 
fe4Na2HP04.2H20-|-5H20, T. Shiomi gives 48° ; J. d’Ans and 0. Schreiner, 48*3o 
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±0 05 ®; and A. W. C* Menzies and E. C. Humphrey, 48 * 3 ®. For the transi- 
tion point, Na2HP04.2H20^=^Na2HP04+2Hji0, T. Shiomi gives 92 * 5 ®; and 
A. W. C. Menzies and E. C* Humphrey, 95 ®. The latter also gave the cryohydric 
temp. — 0’5®, F. Guthrie gave — "0’9® fora soln. with 1*9 grms. of the anhydrous salt 
in 100 grms. of water, F. Rudorff gaver-O’lS®, and D. L. Hammick and co- 
workers — 0 * 47 ®. The solubility of the anhydrous salt decreases as the temp, rises. 
E. von Berg says tliat dirubidium hydrophosphate, Rb2HP04.4H20, is very 
soluble in water, and insoluble in alcohol ; and the hydrated ccesium salt, 
Cs 2HP04,H20, is also very soluble in water, and the salt is not precipitated by 
ammonia. 

J. d'Ans and O. Schreiner find that in ternary systems with variable pro- 
portions of NaOH : H3PO4 : H2O, at 25 ®, the five stable solid^phases arc Na0H.2Il20 ; 
Na3P04.12H20 ; Na2HP04.12H20 ; Na2HP04.7H20 ; and NaH2p04.2H20 ; and 
the range of stability of each phase is indicated in the diagram where the abscissie 
represent the number of mols. of PO4 per 1000 grms. of soln. and the ordinates 
the number of mols. of Na per 1000 grms. of soln. Similarly, J. d’Aiis and 
O. Schreiner, and E, G. Parker find that witli the ternary system : KOH : H3PO4 : H2O, 
the five stable solid phases are KOH.2H2O ; K3PO4.3H2O ; K3PO4 ; KH2PO4 ; 
and KII2PO4.H3PO4. O. Apfel measured the solubility of disodinm hydro- 
phosphate in water. J. d’Aiis and O. Schreiner treattnl likewise the ternary system, 



Fia. 90. — Ternan^ Systems, Fig. 91. — ^Ternary Systems, Fia. 92. — 'rornary Systems, 
NaOH— KOH— U 3 O. NH 3 — HaPO*- ll.O- 


NH3 — H3PO4 — HoO, where the three stable solid phases are (NH4)3P04.3H20 ; 
(NH4)2HP04 ; and (NH4)H2P04. 

The aq. soln. of disodium hydrophosphate is alkaline to litmus and methyl 
orange, and neutral to phenolphthalcin and Porrier’s blue. The soln. of the potas- 
sium, rubidium and caesium salts have an alkaline reaction. H. Friedenthal, 
E. Salm and J. Shields found that the hydrolysis of cold soln. is but small ; a 
has 1 * 3 x 10 *“^ mols. per litre decomposed. At ordinary temp., aq. soln. 
are fairly stable since the tendency of the HPO4" ions to pass into lIoPO./ ions is 
not 80 great as the tendency of the P()4"' ions to form IIP()4" ions, E, Blanc 
found that 0 ‘ 012 iV-soln. is liydrolyzed ()‘()()(5 per cent, at 25 "^. A. Boidin 
found that aq. soln. of disodium hydrophosphate when heated form more or less 
sodium hydroxide and sodium diliydrophosphato, Na2}lP04-i H20^Na01I 
+NaH2P04 ; the decomposition is complete at 135 ®. 

J, S. F. Pagenstecher found that aq. soln. of disodinm hydrophosphate absorb 
more carbon dioxide, and that more rapidly than is the case with water or soln. of 
sodium chloride ; and the soln. reddens litmus more feebly than is the case with 
water ; the carbon dioxide is not so easily removed again. J. von Liebig showed 
that part of the soda probably unites with the carbonic acid, and only that of 
dissolved gas which is uncombined follows W. Henry's pressure law. R. Heidenhain 
and L. Meyer found that soln. with less than one per cent, of Na2HP04.12H20 
absorb enough carbon dioxide to sat. the water with gas and to transform half the 
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soda to NallCOg in accord with NagHPO^ l-C02+H2=-NaHC03+NaH2P04 ; 
as the cone, of salt increases, the proi)ortion of hydrocarbonate formed increases 
more slowly than the quantity of salt in soln. With acetic acidt R. l^^esenius 
found some phosphoric acid is set free ; and 0. Henry and E. Soubeiran, and 
rl. W. Thomas found with strong acids, the phosphoric acid may be all liberated in 
a free state. R. Fresenius also found that when evaporated with nitric or hydro- 
chloric acid» and heated to 150'^, a mixture of disodium pyrophosphate, Na2H2P2^-^7> 
and sodium nitrate or chlorjde ; if heated to a liigher temp, sodium metaphosphate 
js formed. The carbonates of manganese, zinc, magnesium, and the alkaline earths 
were found by A. Prebault and A. Dcstrem to decompose disodium hydrophosphate 
soln,, forimng acid ciirbonate in the cold, but the neutral carbonates if heated, and 
carbon dioxide is ^at tj^e same time evolved. A. Joannis found that disodium 
hydrophosphate absorbs gaseous or liquid ammonia only very slowly. H. Rose 
found that soln. of disodium liydrophosphate decompose ammonium chloride* 
T. Clark found that silver nitrate precipitates trisilver phosphate, Ag3P04, from 
soln. of disodium hydrophosphate, and one-third the nitric; acid is set free. E. Filhol 
and J. B. Senderens found that sulphur attacks soln. of disodium hydrox)hosphate 
as indicated in comiection with trisodium phovSpliate. D. Ralarclf found that 
wlicn heated with thionyl chloride, >S(.)(l2, the salt is ])art tally deliyd rated and 
partially converted into xtyrophos^thate. T. Graham found that glass is attacked 
by boiling soln., and J. II. Smith specially noted the energetic aeiion of sodium 
poly])hosphide on glass, porcelain, platinum, nickel, and silica vessels, 'riie 
I'eaction is very powerful at the fusion temp, of the salt. 

By neutralizing a soln. of potassium dihydrophosj^hato witli sodium carbonate 
and crystallizing, E, Jilitscherlich ® obtained crystals which he regarded as hepta- 
hydrated potassium sodium hydrophosphate, KNaHF04. 71120 ; J. von Liebig 
also obtained a similar salt by adding sodium clilorido to a soln. of j)hosj)horic 
actid neutralized with potassium hydroxicle. Tlie monoclinic crystals are isomorphous 
with tJie corresponding sodium salt, and with the corresponding arsenates. 11. Schiff 
says the crystals have a sp. gr. 1*671. aitd that they do not effloresce in air. It is 
not clear if a true ccmipound or mixed crystals are liere in question. 
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§ 41. Primary Alkali Orthophosphates 

0. G. Gmelin (1819) ^ and C. F. Rammelsberg (1849) prepared crystals of 
lithium dihydrophosphate» LiH 2 P 04 , by dissolving trilithium phosphate in nitric 
acid, evaporating off the excess of free acid, dissolving the residue in water, and 
evaporating the soln. over sulphuric acid. The same salt was made by treating 
phosphoric acid with lithium carbonate, and evaporating the clear filtered liquid ; 
and also by evaporating a soln. of lithium acetate in phosphoric acid. Boiling 
precipitated trilithium phosphate with a soln. of ammonium chloride converts it 
into lithium iiiby(hrophosphate, LiH 2 P 04 . 
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"B. Mitscherlich pr^ared sodium dihydrophosphate, NaH2P04, by adding 
phosphoric acid to a soln. of the disodium salt until the mixture no longer gives a 
precipitate with barium chloride ; the soln. is cone, by evaporation, and on standing 
some days, crystals of monohydrated sodium dihydrophosphate, NaHeP04.H20, 
separate out. A. Schwarzenberg added alcohol to a soln. of disodium hydro- 
phosphate in nitric acid, and found the same salt separated out in a crystalline 
form while sodium nitrate remained in soln. J. J. Berzelius found that if phosphoric 
acid be neutralized with sodium hydroxide, disodium hydrophosphate crystallizes 
first from the soln., and the mother liquid furnishes crystals of wdium dihydro- 
phosphate. He also found that if sodium hydroxide be mixed with an excess of 
phosphoric acid the excess may be removed by alcohol so that sodium dihydro- 
phosphate repiains, All these soln. furnish crystals of monohydrat^ somum 
dihydroplUHwfiate, NaHgPOi.HgO. A. Joly and H. Dufet found that if a w&ttti 
soln. of sp. gr. a little over I'o be cooled, it deposits crystals of dlhydrated sodium 
dihsdeophosphate, NaH2P04.2H20. The same salt is produced by moistening 
the inonohydrate. The di hydrate readily forms undercooled soln. at 20°, which 
always crystallize below When the crystals the dihydrute are dried at IW 

in a closed vessel, they give the inonohydrate ; and T. Graham found that if dried 
at 1CX)“, the anhydrous salt, NaH2P^^, is formed. E. G. Parker, and J. d’Ans and 
0. iSchreiner have studied the conditions under whicli the jiotassium and sodium 


salts are formed as solid phases — vide Figs. 90 to 92. 

E. Mitscherlich prepared potassium dihydrophosp^t6» KH2PO4, by adding 
phosphoric acid to a soln. of pot^issium carbonate or dipotassium hydrophosphate 
until blue litmus paper is reddened and turned blue again on drying ; this is evapo- 
rated until crystallization occurs. E. von Berg prepared rubidium dihydropnOT- 
phate, RbH2P04, by evaporation of a soln. of equi-mol. parts of rubidium hydroxide 
and orthophosphoric acid, until crystallization begins, and finishing the evaporation 
over sulphuric acid i and he prepared caesium dihydrophosphate, C8II2FO4, m a 


similar manner. i # 

The preparation of these phosphates on a large scale lias been the subject of 
investigations by T. Goldschmidt, C. V. Petraeus, H. Jay and M. Dupasquier, 
and Salzbergwerk Neu-Stassfurt. CJ. Dobrin has pointed out that great los^s 
of potassium salts occur when jiriniary calcium phosphate is decomposed wth 
}:>Qtassium sulphate because of the formation of a sparingly soluble double salt 
calcium potassium sulphate, along with the calcium sulphate. C. Dobrm therefore 
recommends first converting the calciiun salt into the sodium salt, and afterwards 
treating the sodium phosphate with potassium sulphate}. 

C. G. Gmelin2 found the crystals of lithium dihydrophosphate are small 
transparent grains, whose crystalline form has not been established. The crjsta s 
of monohydrated sodium dihydrophosphate were shown by B. Mitecherbcli to c 
dimorphous, both forms belonging to the rhombic system. E. Mitsclierlmn, 
A. Scacchi, and H. Dufet have determined the crystaUograpluc constants. IM 
ordinary form has the axial ratio a:b: c-0*8170 ; 1 : 0^4998, the other has the 
ratio a:b: c==:()*9336 : 1 : 0*9624. The latter are isomorphous with the corre- 
sponding salt of arsenic acid, and they appear to be formed at a rather lower temp, 
than the other, and they are more quickly altered by exposure to air. A. Joly 
and H. Dufet found dihydrated sodium dihydrophosphate to crystallize m rhombic 
sphenoids with the axial ratios a:b: c=0*9147 : 1 : 1*5687. Potassimu dihydro- 
])hosphate forms tetragonal crystals which have been investigated by 
lich, H, J. Brooke, and JI. de Senarmont. The axial ratio is a rf 

H. Baumhauer has studied the corrosion figures of the crystals. G. A. Wyi'ouoon 
says that the microscx)pic examination reveals the existence of two ® 

that the salt is dimorphic not monomorphic. For the isomorjihism of tue “ 

sium and ammonium salts, vide infra, L. Staudenmaier says th^l^ 
grown in alkaline soln. are very short prisms ; while in aq* »oln. the 
Hedies. According to B. von Berg, the crystals of rubidium dibydropho p 
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are colourless four-sided prisms, and those of cajsium dihydrophosphate are in 
colourless j)lates. 

According to G. Merling,^ the specific gravity of t1ie crystals of lithium dihydro- 
phosphate is 2'46L H, Schiff gives for monohydrated sodium dihydrophosphatc 
2 040, and H. Dufct, 2*0547 ; and for the dihydratcd salt, H, Dufet gives 1*9096, 
and A, Joly and H. Dufet, 1’915. H. Schiff gives for potassium dihydrophosphate 
2*298 to 2*350 ; H. Buignet, 2*h)3 ; H. G. F. Schroder, 2*321 (4‘^) ; R. Krickmeyer, 
2*338 (20^) ; H. Topsoe and C\ Christiansen, 2*350 ; B. Gossner, 2*340 ; and 
W, Muthinann, 2*3325 (9*2''). Kohlrausch found the sp. gr. of 5, 10, and 15 
per cent. soln. of potassium dihydrophosphato to be respectively 1*0341, 1*0691, 
and 1*1092 (Avater at 4*^ unity). 0. Forch gives for the coefficient of cubical 
expansion X 10* of aq. soln. of potassium dihydrophosphate : 

Salt per litre . 15^-20'" 20^^25^ 25^=-^ 30'=’ 30^*-^35^ 35'’- 40 

eSgrms. . . 95 148 197 242 283 321 358 391 

13(5 gnus. . , 1G8 208 244 283 31(5 344 374 404 

H. Kopp gives 0*208 for the specific heat of potassium diliydrophosphato at 
17°-18°. C. F. Rammelsbei'g says that lithium diliydro})hosi)hate loses no water 
at lOC^, but its melting point is rather higher and it fr)rjns on cooling a clt‘ar 
transparent glass. T. Graham reported that,jvhcji monohydrated sodium dihydro- 
phosphate is rapidly heated to 204"", the crystals melt. The salt loses its water of 
crystallization at ICXV', and between 190'^ and 204"^ it forms disodium ])yroj)hos]>batc, 
Na2H2r2C7j and it loses still more water between 201’^ and 244^\ forming the meta- 
phosphate, A. Joly and II. Dnfet say that the dihyd rated salt melts at and 
when heated in a closed vessel at it gives a mixture of water and crystals. 

W. A. Tilden found potassium dihydrophosphatc melts at 96'', and if heatt'd t(^ a 
higher temp, than 204'", T. Graham found that on cooling it fumislics an opaque 
glass of the metaphosjdiate. The lowering of tlie f.p. of a soln. of a gram of dihy- 
drated sodium dihydrophosphato in BK) gi*j)is. of watm* was found by F. ]M. liaoult 
to be 0*225'', or the mol. lowering of the freezing point is 27". E. retersoi lias 
also found that the lowering of the vap. press, of soln. of sodhnn dihydrophosphatc 
in 100 gruis. of water at 1(X)" is 17*9, 57*2, and 169*9 nun. r(‘S])ectivcly ; and for 
13*52, 47*85, and 89*76 grms. of potassium di hydro] )hos])liatc is 19*2, 51*8, and 
92*7 mm. respectively. 

J. Thomsen found the heat of neutralization NaOH 1 JH3lTl3==-r)*88 C^als. ; 
NaOH t- JH3?03-=11*34 Cals. ; NaOJM 13*4 Cals. ; NaOH 

14*83 Cals. ; and NaOll i 1 10(5 Cals. ; in tlie latter case, ]\1. Berthelot 

and W. Louguinine found 14*36. J. Thomsen also found for aq. soln. Na.>HlH)4 
+ JNa()H -4*10 Cals. ; Na^HlT)4l-NaOH-7*40 Cals.; and Na^HFO^ f 2NaO]l 
.“-.8*60 C’als. T. Graham found for 2Jl3r04aq CK20aq —14*4 (-als. For tlie heat 
of neutralization of the first molecule of orthophosphoric acid, T. Graham found 
14*4 Cals. : for the second, 9*6 Cals. ; and for the third, 10*9 Cals. T. Graham found 
for the heat of solution of pcjtassium dihydruphusphatc, — 4*85 Cals. S. Arrhenius 
gives —330 cals, for the heat of ionization of a ^VV-soln. at 35". 

According to H. Dufet, the index of refraction of solid monohydrated sodium 
dihydrophos2)hate for Na-light is 1*4629, and for the diliydrate, 1*452. H. To2)soe 
and C. (^hristiansen give 1*5095 and 1*4684 respectively for the ordinary and 
extraordinary ray of solid dii^otassium dihydro2)hos])hate, E. Doumer gives 
0*200 for the optical refraction of dil, soln., 24*0 for the mol. refraction. J. IL Glad- 
stone and W. Hibbert give for the mol. refraction of solid potassium dihydrogen 
phosphate, 23*69 ; and for the dissolved salt, 29*47. The electrical conductivities 
of soln. of sodium and potassium dihydrophosphate have been measured by 
M. Berthelot at 17^ E. Bouty at 14", and P. Walden at 25^ For soln. of a mol. 
of the salt in v litres of water, M. Berthelot found : 
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For the temp. coeJff. of the conductivity of the sodium salt, between 18^ and 52^^, 

S. Arrhenius gives 0 0276, 0 0294, and 0*0282 respectively for O'Ol, 0*1, and 0'5N- 
soln. W. Hittorf and J. F>Daniell and W, A. Miller measured the transport 
numbers of the ions of the i)otas8ium and sodium salts. 

According to A. Joly and H. Dufet, the solubility of sodium dihydrophosphate 
in 100 grms. of water is 59*9 grins, of anhydrous salt at 0"^, and 84*6 grms. at 18® ; 
and T. Graliam says the salt is insoluble in alcohol. O. Apfel measured the solubility 
of the sodium and potassium salts in water. E. Mitscherlich, L. N. Vauquelin, 
and H. J. Brooke say that potassium dihydrophosphato is easily soluble in water 
but not in alcohol ; and A. Stromeyer adds that it is soluble in a 20 per cent, 
potassium acetate soln. E. von Berg found rubidium dihydrophosphate to bo 
very readil}^ soluble in water, and the salt is reprecipitated as a voluminous white 
crystalline powder when alcohol is added. The aq. soln. of sodium dihydrophosphato 
is neutral to iriethyl orange and acid to phenolphthaleiu, litmus, and Poirier’s 
blue. Potassium dihydrophosphate reddens blue litmus pa}>er, but the blue colour 
returns on drying the ])a[)er. E. 8alm found the degree of hydrolysis of 
to bo 3*3X10^® for the Il -ions. The subject has also been investigated by 
ir. Friedontiuil. The rubidium and caesium salts also have an acid reaction. 

T. Graham found that a soln. of sodium dihydro])hosp]iate gives a yellow precipitate 
of Ag3P04 with silver nitrate and two*thirds of the nitric acid is set free. \V. Foster 
has measured the conductivity of dil. soln. of potassium dihydroiihosphate, and 
F. Kohlrausoh tlie specific conductivity. A. Joannis found that dry sodium or 
potassium dihydrophosphato did not absorb dry ammonia gas ; when the former 
salt was in contact with the liquid for 7 days at room temp, only insignificant 
amounts were absorbed. W. Windisch and \V. Pietrich studied the action of boiling 
soln. of primary potassium phos])hate with increasing proportions of calcium hyfco- 
CarbonatCf and found the precipitates contained increasing proportions of tertiary 
calcium phosphate, with some entrained alkali. 

0. F. Raminelsberg evaporated a soln. of lithixim phospliate in phosj)horic 
acid in a desiccator and obtained large, transparent, deliquescent crystals, which 
lost no water when heated up to 15()^. The analysis corresponded with mono* 
hydrated lithium pentahydrodiphosphate, LiH2PO4.H3PO4.H2O. L. Stauden- 
maier evaporated e<jni molecular parts of sodium dihydrophosphate and ortho* 
phosphoric acid on a water-bath to a syrup, and after the liquid had stood some 
time, obtained crystals of sodium pentahydrodiphosphate, NaH2P04.H3P04. Ac- 
cording to H. Giran, tliis salt is often found on the sticks of commercial metaphos- 
phoric acid w hich are contaminated with sodium phosphate. E. Zettnoff considered 
this salt to be a pyrophospliate. Potassium pentahydrodiphosphate# KH2PO4.H3PO4, 
is obtained in a similar manner. The limits of stability of the potassium salt have 
been studied *by E. G. Parker and by Parra vano and A. Mieli— r?* Fig. 91. 

L. Staudenniaier found that the potassium salt melts at 127®, the^ sodium salt at 
131®, while N. Parra vano and A. Mieli give 127*5^ and 126*5® respectively. 
H. Giran gives for the heat of formation H3p04soiia+N^H2P04soiid===l‘'I'I Cals., 
and for the heat of soln., 1*12 Cals. T. Salzcr prepared, hy chance, deliquescent 
crystals of monohydrated sodium pentahydrodiphosphate# NaHoPO4.H3PO4.H2lb 
l)y evaporating a soln. of sodium trihydroi)yro])hosphate and sodium carbonate 
aiid allowing the cone, liquid to stand for a long time. 


L. Staiulonintticr obtained ciystals monohydrated pentapotassium tetrahydrotnphosphate, 
2KH.rOi.KdM)|.H.,0, by crystallization over sulphuric acid from a mixture ot tnreo 
mols.“ of potassium” dihydrophosphato with one of potassium carbonate. 1 ^ 
potassium dihydrophospiiato separate drst. The crystals are very soluble m 
on recrystallization give the diliydrophosphato. This salt was described by J. J. lier. 
tiAiui^J^DilaJum)phoMphfit, L. St audenmaier reported the formation of ^ 

of another salt, dlhydrated heptapotassium pentahydrotetraphosphate, u 

when a soln. of 50 ^rms. of potas.Miiun dihydrophosphate, 23 grins, of potassium h> Ora idt, 
and 50 c.c. of water, is cone, by evaporation, and allowed to stand some weeks o\er si 
phuric acid. 
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§ 4a Alkali Pyrophosphates or Diphosphate 

The tetrabasicity of pyrophosphoriO acid is discussed in connection with pyw 
phosphoric acid. Theoretically, primary, secondary, tertiary, and normal or 
.quaternary salts should be possible according as one, two, three, or fOnr of the 
tici^io hy^gen atoms are replaced by basic elements. H. Oiran ^ found the 
heats of neutralization of pyrophosphoric acid with alkali and base in aq. soln., 
to be H4P2O7+NaOH=NaH3P807+15 29 Cals. ; H 4 P 207 -f 2 Na 0 H=Na 2 H 2 P 2 O 7 
4.29'94 Cals.; H 4 P 207 + 3 Na 0 H==--Na 3 HP 207 +43l)5 Cals.; H 4 P 207 + 4 Na 0 H 
=Nai4P207+50'91 Cals. The heats of neutralization for successive mols. of 
hydrogen are therefore 15‘29, 13-65, 13’11, and 7*86 Cals. Hence, H. Giran argues 
that p 3 rropho 8 phorio acid is tetrabasic. 

Tetra.Alkafi pyrophosphates. — C. F. Bammelsberg prepared the normal lithium 
salt dihydrated tetralithium pyrophosphate, LitP 207 . 2 H 20 , by digesting soln. of 
Uthium chloride and sodium pyrophosphate. The precipitate is dissolved in acetic 
acid, and reprecipitated by alcohol. (J. Merling also made this salt by adding 
alcobol to a win. of lithium sodium phosphate, 5Li20.Naa0.3P206. 

J. J. Berzelius obtained tetrasomum pyrophbsphate. Na 4 P 207 , in 1816 by the 
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dehydration of ordinary sodium phosphate, Na2HP04.12H20, at a red heat when 
the salt fuses to a transparent glass which crystallizes on cooling to a white opaque 
mass. T. Clark established the individuality of the salt in 1827. L. Blum also 
prepared this same salt by heating two mots, of sodium chloride with one of ortho- 
phosphoric acid ; and P. Margueritte, by treating sodium chloride with a metallio 
pyrophosphate. : T, Clark showed that the anhydrods salt readily dissolves in hot 
water, and the soln., on cooling, gives crystals of docahydrated tetraaodiuni pyxor' 
phoapit^iei Na^P^Of.lOHgO ; H. von Bluchet found the salt loses all its water of 
cr]nMiaUization in vacuo over sulphuric acid or oven in dry air ; and T. Clark, that 
all water is given ofE below red heat. 

T. Oraham prepared tebapotassium pyrophosphate, K4P207, by heating 
dipotassium hydrophosphate, K2HPO4, to redness ; J. H. Gladstone, by adding 
phosphoric anhydride to cone, alcoholic soln. of potassium hydroxide. J. H. Glad- 
stone also prepared this salt by adding phosphorus oxychloride gradually drop 
by drop to a cone. soln. of potassium hydroxide — ^with solid potassium hy^oxide 
the metaphosphate is formed, and with a dil. soln., the orthophosphate is formed. 
The cone, of an aq. soln. of the potassium salt gives crystals of trihydrated tetra- 
potassium psrrophosphate, K4P2O7..8H2O. A. Schwarzenberg prepared this salt 
by treating an alcoholic soln. of potassium hydroxide with a slight excess of ortho- 
phosphoric acid, and afterwards adding alcohol until the liquid appears turbid. 
In 24 hrs. a syrupy soln. of di- and mono-orthophosphates separates. The mixture 
is evaporated to dryness in a platinum dish and ignited, whereby a mixture of 
soluble potassium pyrophosphate and insoluble metaphosphate is formed. The 
hydrated pyrophosphate obtained by crystallization from the soln. can be de- 
hydrated by fusion, E. von Berg made tetranibidiam pyrophosphate, Kb4P207, 
by igniting dirubidium hydruphosphate, Bb2HP04 ; and tetraCSSSiuni pyro- 
pbospbate, C84P2G7, was made in a similar manner. 

Fused tetrasodium pjrrophosphato is a white crystalline mass ; the decahydrate 
forms monoclinic crystals, which were measured by C.F. Ranunelsbcrg.W. Haidinger,, 
A. Handl, A. Scacchi, and H. Dufet.^ The axial ratios are o ; b : c=l'2873 : 1 : 1‘8951, 
and j8=98° 16'. The specific gravity of anhydrous tetrasodium pjnrophosphate is ’ 
given by H. G. F. Schroder as 2’534 ; by H. le Chatelier, 2’3815 (17°) ; and by 

F. W. Clarke as 2‘3732 (17°) ; for the decahydrate, L. Playfair and J. P. Joule gave 
1836; F. W. Clarke, 1*7726 (31°); H. Dufet, 1*824 and 1*8151. F. Fouqufe 
measured the sp. gr. of soln. of the sodium salt. G. Brugelmann gives 2*33 for the 
sp. gr. of anhy^ous tetrapotassium pyrophosphate. 

G. Merling * found dihydrated tetralithium pyrophosphate loses 7*03 per cent, of 
water at 100°, and 14*55 per cent, when melted, and C. F. Bammelsberg ^ds that 
the whole of the combined water is lost when the salt melts at 200°. T. Carnelley 
gives the nm lHng point of anhydrous tetrasodium pyrophosphate as about 880°, and 

le Chatelier gives 940°. The latter also measured the m.p. of mixtures of this 
compound with anhydrous borax (melting at 970°), and found a maximum in the ■ 
curve at 960° and 58*3 per cent, of tetrasodium pyrophosphate corresponding 
with the compound Na4P207.3NaaB407, with eutectics at 910° and 850° correspond- 
ing jTCspectively with 16*7 and 83*7 per cent, of the pyrophosphate. According to 

M. Amadori, tetrapotassium pyrophosphate melts at 1090°; and according to 

N. Patravano and G. Calcagni at 1092° ; the salt also exhibits a transition point 
in its heating curve at 278°. M. Amadori found the system KF— K4P2O7 has a 
eutectic at 730° (20 mol. per cent. K4P2O7). The system KCl— K4P2O7 shows no 
sign of the formation of a compound. H. le Chatelier obtained a eutectic at 620° 
with a mixture of sodium chloride with 53*4 per cent, of sodium pyropho.sphate. 
A. Schwarzenberg found that trihydrated tetrapotassixim pyrophosphate loses 
one-third of its water at 100°, another third at 180°, and the remaining third 
at 300°. E. von Berg fused both the anhydrous rubidium and cfcsium salts. 

H. V. Begnault gives 0*22833 for the specific heat of the anhydroms sodium 
salt between 17° and 98°, and for the potassium salt, 0*19102. H. Giran gives 
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for tlie hpat of formation in aq, Boln.,’^4lfaOH+H4P2O7=Na4P2O7+50‘9l Cals. 
J. TKoinsen gives 11'67 Cals, for the heat ot solutum of the anhydrous sodium 
salt, in 800 mols. of water, H. Giran gives 11‘86 Cals., and J. Thonisen, ~1167 
Cals, for the decahydrate ; consequently, the heat Of hydration of the anhydrous 
salt is 23'52 Cals. F. M. Raoult found the mol. lowering of the free2sing point 
of aq. soln. of tetrasodium ^rdphosphato is 4rr8°, or 0"172'^;per gram of salt in 
too grms. of water. G. Tammann gives for the lowering vapour pressure 

of water at 100° by the soln. of 13'50, 23‘99, and 33"08 grmil. per 100 gnus, of 
water, respectively 13‘4, 20‘7, and 27‘.7 mm. G. T. Geiiaoh found a soln. with 
102 grms. of the decahydrate in 1 (X) grins, of water ^boils at 101'25°. H. Dufet’s 
value for the index of refraction of the anhydrous *salt for the Na-line is P4.525. 
E. Doumer gives 0295 for the optical refraction, and 78’4 for, the mol, oj)tical 
refraction. 

P. Burckhard found that the electrolysisof tetrasodium pyrophosphate is attended 
by the evolution of much oxygen at the anode, and at the platinum cathode, gas 
bubbles are formed which inflame spontaneously in air, and platinum phosphide is 
formed. P. Walden found the cq. electrical conductivity of aq. soln, of tetra- 
sodium pyrophosphate at 25° for soln. with one gram of the salt in v litres of water ; 
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The cxjnductivity of the salt Na^PyOy is not the same as that of Na 2 Hr 04 . showing, 
according to P. Walden, tlmt the P 207 ’ -ions are stable in dil. soln. in agreement 
with the observed reactions of the salts. According to G. A. Abbott and W. (J. Jlray 
(1909), a 7 ^A-aq. soln. of the normal sodium salt has an electrical con<lnctivity 
3r2 units, and the jg’n 7 A’'-solii. a conductivity of 53 4. By Ostwald's rule, the soln. 
thus appears to wntain the sodium salt of a dibasic acid, probably because the salt 
does not retain its individuality in aq. sohi. The f.p. of soln. of pyropliosphoric 
acid progressively neutralized by potassium hydroxide gives a curve with a well- 
defined minimum corresponding with K 4 P 2 O 7 , with indications of K 3 llJ'. 207 , and of 
K 2 H 2 P 2 G 7 , but not of KH 3 P 2 O 7 ; the refractive indices of the soln., however, give 
a curve with a minimum corre.spon<ling with .K 2 H 2 P 2 O 7 , and indications of 
KJI3P2O7. W. llittorf measured the transport numbers of the ions of the sodium 
salt. 

T, Clark ® found tetrasodium pyrojdiosjihatc to be less readily soluble in water 
than the disodium hydrophosphate, Na. 2 Hr 04 . The equilibrium conditions and 
transition points have not yet been worked out. According to A. B. Poggialc 
(1863), 100 pai'ts of water dissolve : 

O’’ 10” ZO” 40” 00 ” so" 100’ 

Ajibydrous salt » JI5 3-96 «-23 13 50 2J -83 30 04 40 26 

Decahydrate . 541 6-81 10-92 2497 4407 63-40 93-11 

T. Clark found that, in conseiiuence of hydrolysis, soln. of tetrasodium pyro- 
phospJiate, and A. Schwarzenberg, that aq. soln. of tetrapota.ssium pyrophosphate, 
have an alkaline reaction towards litmus ; E. von Borg reported that the corre- 
sponding rubidium and ctrsium salts have a neutral reaction. G. von Knotre 
found the soln. of the sodium salt is strongly alkaline to phenolphthalein. A. Stro- 
meyer found that aq. soln. of tetrasodium pyrophosphate are not converted into the 
orthophosphate, but that the change rapidly occurs on boiling with acetic, phos- 
phoric, or other mineral acids, and G. Watson ® adds that trisodium orthophosphate, 
disodium hydrophosphate, sodium dihydrophosphate, or orthopUosphoric acid 
are formed according to the proportion of acid employed. A. Schwarzenberg also 
found that boiling with dil. potassium hydroxide converts tetrapotassium pyro- 
phosphate into the orthophosphate, but that'the change does not occur in boiling 
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with water alone — ^A. Reynoso, however, adds that water at 280^ effects the 
conversion. ' 

H. Struve reported that at a white heat, tetrasodium pyrophosphate is reduced 
by hydrogen, forming orthophosphate and phosphine ; T. de Saussure says that when 
‘the sodium salt is heated with twice its weight of oarbon — charcoal — ^phosphorus 
is evolved ; T. Salzer, that when boiled with bromine water sodium bromide and 
hypobromite are formed ; A. Jamieson, that carbon disulphide at a red heat 
foriM sodium sulphide, Na2S, and sodium metaphosphate ; while H. Rose that 
boiling soln. with flowers of sulphur form orthophosphoric acid and sodium sulphite 
— ^T. falser found some polysulpliides are formed at the same time, P. L. Winkler 
• noted that the salt may be crystallized unchanged from soln. of ammonium chloridet 
and H. Uelsmann from soln. of ammonia. When calcined with ammonium chloride, 
A. Jamieson found that sodium chloride and metaphosphate are formed, while 
H. Rose found that if eight times as much ammonium salt is used, some of the 
phosplioric acid is volatilized as phosphorus chloride. The metal acids and borio 
acid form complex orthophosphates. If hydrogen peroxide and sodium hydrophos- , 
phate be allowed to react, a dry solid containing active oxygen eq. to 27 per cent, 
of H2O2 is formed.^ T. Graham ® found that glass is attacked by the boiling liquid. 

Trialkali monohydropyrophosphates. — ^According to T. Salzer, if a soln. of 
10 grins, of crystallized disodium hydrophosphate and 13‘5 grms. of tetrasodium 
pyropliosphate be evaporated at a high temp, until a crust is formed, and the mother 
liquid be poured away, small crystals of monohydrated trisodium hydropyrophos- 
phate, Na3HP207,H20, are formed. H. Giran also prepared the salt by the action 
of syrupy phosphoric acid on disodium dihydropyrophosphate at 100®. The 
crystals are not decomposed when heated to 100®, but at 170°~190®, the water of 
crystallization is expelled, and at 300® the constitutional Tvater is given off. This 
behaviour, said T. Salzer, is not like that of a mixture of disodium dihydropyro- 
phosphate and tetrasodium pyrophosphate. Cold water dissolves more than one- 
third its weight of the salt ; and silver nitrate precipitates tetrasilver pyrophosphate, 
Ag4P207, from aq. soln. H. Giran gives for the heat of formation ; H4P207aq 
+3NaOHaqr~HNa3P2O7-h3H2O--h4J’05 Cals., and for the heat of soln. Na3Hp207 
4-Aq=6‘77 Cals. Since the heats of soln. of Na2H2P207+Aq=:— 2’18 Cals., and 
of Na4P2074-Aq=ll‘8r) Cals:, H. Giran argues that the salt Na3HP207 is not a 
mixture but rather a true compound. The evidence, however, is not satisfactorily 
demonstrative. T, Fleitmann and W. Henneberg, R. Maddrell, and II. Uelsmann 
regarded this salt as sodium tetraphosphate, NaeP40i3. T. Salzer further found 
that if a small excess of the acid salt be used in the preceding preparation, a 
mixture of prismatic crystals of heptahydrated trisodium hydropsrrophospliate, 
Na3Hp207.71l20, are formed along with a mixture of the component salts. All but 
one-seventh of the water is given off at 200®. C. P. llammelsberg also claimed to 
have made dibydrated trisodium hydropyrophosphate, Na3HP207,2H20, from the 
mother liquid obtained in preparing hexahydrated disodium dihyckopyrophospliate. 
Half the water of crystallization was said to be lost at 100°, and the other half at 
200® ; C. F. Ramruelsberg also claimed to have made crystals of Na3HP207.5iH20, 
by treating tetrasodiiun pyrophosphate with acetic acid. 

Diaikali dihydrop3rrophosphate.-^T. Graham obtained anhydroits disodium 
dihydropyrophosphate by heating sodium dihydrophosphate, NaIi2P04, to between 
190® and 201® ; and A. Schwarzenberg, by mixing a soln. of tetrasodium pyro- 
phosphate, Na4P207, with alcohol, and afterwards washing the precipitated crystals 
with alcohol to remove the alkali chloride ; the crystals were dried over cone, 
suljihuric acid. H. Dufet found the monoclinic crystals of the anhydrous sodium 
salt have the axial ratios a : 6 : c==2’0260 : 1 : 2 0492 and ^=56® 41' ; and the 
sp. gr. 1*8616. A. Schwarzenberg also prepared the corresponding dipotassmm 
dihydropyrophosphate, K2H2P2O7, in a similar manner. K. J. Bayer obtained 
hexagonal prisms and plates of hexahydrated disodium dihydropsrrophosphate, 
Na2H2l^2f^7 ®H20> by crystallizing A. Schwarzenberg’s salt from its aq. soln. Ihe 
VoL. u. 3 ^ 
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salt is d^jpomposed when hei^ted with water. The index of i^ofraction of the an- 
hydrous solid sodium salt was foimd ^7 H* Dufet tolbe 1*4645. The potassium and 
sodium salts dissolve in water gi’Wng aq. soln. with an acid reaction, and they are 
not changed to orthophosphate by boiling. The sodium salt loses 4*19 per cent, 
of water at 220°, and then iK)rresponda with a tetrasodm7n dikp^rotetraphosphate^ 
Na 4 H 2 P 40 i 3 , According to C. F. Rammelsberg, the salt obtained by A. Schwarzen- 
berg’s process is tetndtydrated disodiim $ra 2 H 2 p 207 * 4 H 20 , 

with axial ratios a:b \ c=l*9514 : 1 : 3*3385. This salt loses its water of crystal- 
lization when dried over cone, sulphuric acid, and when melted forms glassy hexa- 
metaphosphate. If the aq, soln. be heated, the anhydrous salt separates as a 
pulverulent crystalline precipitate. 

A. Schwarzenberg prepared fine needle-like monoclinic fetystals of doAecahydrated 
sodium potassium pyrophosphate, Na 2 K 2 P 207 . 12 H 20 , by ctoncentrating a soln. 
of secondary sodium pyrophosphate neutralized with potassium hydroxide. The 
soln. reacts alkaline. J. H. Smith prepared an impure mdium polypho^])hate, pro- 
bably Na 4 PeOi 7 , by evaporating mixtures of phosphoric acid with a sufficient pro- 
portion of sodium hydroxide or carbonate. The fused glassy mass dissolves slowly 
in cold water, more quickly in hot water. The aq. soln. is nearly neutral to methyl 
orange and phenolphthaleln. It has a powerful, corrosive action on silicates and 
metals. Its individuality has not yet been established ; it may be a congealed 
soln. of one or more of the other phosphates in glacial phosphoric acid. 
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§ 43. Alkali Motaphosphates 

As shown by T. Graham,! T. Fleitmann, etc., the so-chlled oHrodiom meta* 
phosphat^ NaPOg, is formed when sodium hydroxide is heated with an excess of 
phosphoric acid, and when disodium dihydropyrophosphste, Na 2 H 2 P 2 G 7 , or sodium 
dihydrophosphate, Nari 2 P 04 , is heated to 31,5”. T. Eleitmann prepared o^potas- 
Sium metaphosphate, KPO 3 , in a similar manner. A. Jamieson prepared sodium 
metaphosphate by heating a mixture of tetrasodium pyrophosphate, Na 4 P 207 , 
and ammonium chloride to redness and removing the so^uin chloride by boiling 
dil. alcohol. It. Maddrell heated a mixture of syrupy phosphoric acid with twice 
its weight of sodium nitrate, and G. von Knorre gives the following details : A soln. 
of 20 grms. of sodium nitrate in 25 c.c. of water was nuxed with 42 c.c. of ortho- 
phosphoric acid of sp. gr. 13, and evaporated on a water- bath. The residue was 
heated 4 hrs. at 330°. He found that if solid sodium nitrate be used, the nitric acid 
is not all expelled by this treatment. R. Maddrell and C. Darracq also prepared 
the potassium salt in a similar manner by using potassium chlorate in place of 
sodium nitrate. G. Merling made lithium metaphosphate by evaporating at 130° 
a soln. of two mols. of lithium carbonate with three of orthophosphoric acid, and the 
compound of ortho- and pyro-phosphate, 6 Li 2 O. 5 P 2 O 6 . 8 H 2 O, which separates is 
melted until the excess of metaphosphoric acid is evolved in white vapours. The 
product is repeatedly boiled with water and microcrystalline plates of this salt are 
formed. E. von Berg made luhidium metaphosphate, RbPOs, and also ceesium 
metf^lhosphate, CsPOs, by calcining the corresponding alkali dihydrophosphatc. 

The product with either the potassium sodium or lithium salt is a white powder. 
The lithium salt has a sp. gr. 2'461. K. Arndt and A. Gesslor gave 2'144 for the 
sp. gr. of the sodium salt at 900°, and also of mixtures with boric oxide. T. Carnelley 
says the sodium salt melts at 617° ; the potassium salt at 798°, M. Amadori also 
gave 798° for the potassium salt ; N. Parravano and G. Calcagni, 823° ; H. S. van 
KJooster, 810°. The potassium salt shows a transition point at 450°. M. Amadori 
found that in the binaiy system KP — KPOa, there is evidence of the formation of 
potassium diflaometapho8pbate, 2KF.KP()3, at 793° ; and of potassium fluometa* 
phosphate, KF.KPO3, at 880°, there are eutectics at 742° (20 mol. per cent. KPO3), 
and at 604° (80 mol. per cent. KPO3). There is also a break in the heating 
curve corresponding with a transition point in the com})ound 2KF.KP08. The 
system KCl— KPO3 exhibits no tendency to form solid soln., and the solubility is 
probably zero, since the transformation poiiit of the metaphosphate is not influenced 
by the presence of the chloride. N. Parravano and G. Calcagni found a eutectic 
at 612° with a mixture of sodium metaphosphate with 69 molar pet cent, of the 
pyrophosphate. 

According to J. Thomsen, the heat of neutralization of metaphosphoric acid by 
soda, all in soln., is HPOa-f-iNaaO^T l Cals. ; HPOa-f Na20=14-38 Cals. ; HPO 3 
-l-2NaO=16’38 Cals. ; and HP 03 -i- 3 Na 20 = 16-5 Cals. W. Hittorf, and A. Weisler 
measured the transport numbers of the ions of the sodium salt. K. Arndt and 
A. Geasler measured the conductivity of the fused salt at 900°, and also when 
mixed with boric oxide. T. Fleitmann and W. Henneberg say tJiat no double salts 
can be made with the mono-salt, and they hence infer that it is a monometa- 
phosphate ; they also say that the sodium salt forms hexametaphosphate when 
melted. R. Maddrell said that potassium and sodium metaphosphates are insoluble 
in water, but G. von Knorre said that they are sparingly soluble. The rubidium 
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$alt is a white powder which dissolves in water ; the soln. of the rubidium salt has a 
neutral reaction, and that of the ceosiuni salt a feebly acid reaction. R. Maddrcll also 
says the potassium salt is ^luble in acids; and G. von Knorre says it dissolves 
^ j u ^ ucetic acid. According to G. Merling, the lithium salt melts at 

^ forming a colourless, hygroscopic glassy mass which has a sp. gr. 2*226, 

^ water with a feeble acid reaction, and is insoluble in alcohol. 
T. Graham says that acids are without action on the .vodium salt, and that pro- 
longed digestion with alkali lye converts some of the salt into the orthophosphate. 
According to G. Tammann, if the sodium salt be allowed to stand for some weeks 
in contact with a soln. of potassium or ammonium chloride, the corresponding 
pota^ium or ammonium metaphosphate is formed. W. Muller says the sodium 
salt is not changed when heated in a stream of the vapour of carbon disulphide. 

G. Tammann found that when the mother liquid remaining after the neutraliza- 
tion of a soln. of metaphosphoric acid* with sodium carbonate, has been evaporated 
at 50'*, crystals of what G. Tammann calls sodium jS-monometaphosphate are 
obtained. These are dried on porous tiles. The salt is readily transformed into the 
orthophosphate. G. Tammann obtained potassium j3-metaphosphate in a similar 
manner. The mol. formula is not known. 

^ Alkali dimetaphosphates* — What T. Fleitmariti called sodium dimetaphosphate, 
(NaP 03 ) 2 . 2 H 20 , and F. Warschauer sodium tetrametaphosphate, (Na?C)))4.4IloO, 
was obtained by T. Fleitmauuby decomposing a l)oi]ing soln. of cupric dimetaphos- 
phate by sodium sulphide, not in excess, and evaporating for crystallization. F. War- 
schauer added that the finely powdered copper salt should b (3 added in smaller 
portions at a time to the calculated quantity of sodium sulphide. ( J . Tammann used 
the manganese, cobalt, or zinc salts in a similar way. Warschauer made the same 
salt by neutralizing the free acid with sodium hydroxide, and removing the pyro- 
phosphate simultaneously foraned by fractional precipitation with alcohol since 
the pjTophosphate is more soluble in that menstruum than tlie metaphosphate. 
This salt loses its water of crystallization at 100'\ and melts at a red heat ; and when 
the molten salt is rapidly cooled, it furnishes the hexa metaphosphate. The an- 
hydrous salt is hygroscopic, and it is warmed by moistening with water. T. Fleit- 
inann found that 100 parts of water dissolves 14 parts of the salt at ordinary temp., 
and but little more when warm. The soln. is neutral, and does not cliange after 
standing for a month, but with prolonged boiling, the soln. becomtjs more and more 
acid, and forms the orthophosphate. The salt dissolves readily in cone, hydro- 
chloric acid, and separates unchanged from the soln. when alcohol is added. Ortho- 
phosphate is rapiclly formed when the acid soln. is boiled. The salt separates 
unchanged when a soln. of the salt in sodium hydroxide lye is evaporated. The salt 
is insoluble in alcohol, but a little does dissolve in dil. alcohoj. L. Jawein and 
A. Thillot found the mol. wt. by the lowering of the f.p. of aq.^soln. to be 121, in 
agreement with the monomolecular formula, but the possibility of ionization is 
not taken into consideration, T. Flcitmann based the dimolecular formula on the 
dibasic character of the acid as evidenced by the ready formation of salts of the 
type MM'P2Ge.wH20, where M and M' are univalent radicles, and if bivalent radicles 
are employed corresponding compounds arc formed. A. Glatzel also claims to have 
made about thirty double salts of this type. This evidence, however, is very weak. 
G. Tammann measured the electrical conductivity, the lowering of the f.p., and the 
temp, coeff . of aq. soln. F. Warschauer also measured the electrical conductivity and 
transport numbers, and concluded that the salt is really a tetrametaphosphate. 
Similar remarks apply to potassium dimetaphosphato, (KP08)2.iiH20, which 
F. Warschauer believes to be potassium tetrametapliosphatc. The evidence, there- 
fore, favours the hypothesis that the alleged alkali dimetaphosphates are really 
tetrametaphosphates. A. Holt and J, E. IWyers failed to obtain the dimetaphos- 
phates by any of the given processes, and they concluded that the so-called alkali 
dimetaphosphates are ** probably mixtures of the alkali salts and phosphoric acids, 
and not definite compounds.’’ 
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Alkali trimetaphosphates.— T. Fleitmann and W. Henneberg slowly heated 
powdered ammonium sodium hydropliospliate, (NH4).NaHP04, to a temp, where 
it still showed an acid rca(;tion, the product was then re-ground, and again heated 
BO long as it showed a feeble acid reaction. The soluble portion was then leached 
from the insoluble metaphos])hate, and evaporated at 30'\ The resulting crystals 
of what T. I^^leitmann and W. Henneberg regard as sodium trimetaphosphatOy 
(NaP03)3.2H20, was found by G. Tammann to contain still about one per cent, 
of an impurity which gave a voluminous precipitate with silver nitrate, calcium 
<jr barium chloride, or with zinc, manganese, nickel, or cobalt sulphate, and the 
prcci])itate is not soluble in an excess of either reagent. G. von Knorre recommended 
j)urifying the salt by treating a dil. soln. with lead nitrate, and filtering the soln. 
from the precipitated inetaphosphate. When the filtrate is cone, by evaporation 
it furnishes lead tri metaphosphate. T. Fleitmann and W. Henneberg cooled molten 
sodium hexamtitaphosphate very slowly, and w^ashed the product with not too much 
warm water. The litjiiid separated into two layers — the upper layer contained 
sodium trimetapliospliate, the lewder layer the hexametaphosphate. C. G. Lindboom 
says that the last-named method of preparation is difficult, but the salt is readily 
made by the first-named process of T. Fleitmann and W. Henneberg ; G. von Knorio, 
however, j'ecominends heating a mixture of ammonium nitrate with dodecahydrated 
disodium hydrophosphate for G hrs. at SOO"*, and after leaching the mass with 
cold water, crystallizing the filtered soln. by evaporation. C. G. Lindboom also 
claimed t<j have made potassium trimetaphosphate, (Kr03)33H20, by heating 
potassium ammonium hydropliospliate, K(NH4)HP04, several times without 
fusion ; and also by the action of potassium sulphate on barium trimetaphosphate. 

H. Kopp obtained sodium trimetaphosphate in fine triclinic rhombohedra 
whose sp, gr., according to F. W. Clarke, is 2*476. H. Kopp gives 0*217 for the 
sp. gr. between 17"" and 445^^. The crystals lose 24*63 per cent, of water at 100^, 
and on melting it loses 1*18 per cent, more water. According to A. Glatzel, the salt 
docs not melt in its water of crystallization. A. Wieslcr says that 100 parts of cold 
water dissolve 22*2 ])arts of salt ; G. von Knorre adds that the soln. has a neutral 
reaction towards methyl orange and phenolphthaleyn, and that on boiling the soln. 
beconios acid and orthophosphate is produced, but the conversion is completed only 
when the operation is repeated a numlicr of times. T. Fleitmann and W. Henneberg 
found the salt to bo insoluble in alcohol and sparingly soluble in dil. alcohol. 
T. Fleitmann argued that the salt is a derivative of a tribasic acid from reasons 
analogous to those employed for the dimetaphosphates. He claims to have pre- 
pared a series of double salts of the type M'M"r30g.??H20 — e.g. (XiNaPsOg.^iHsO 
and NiNap30g.4^1l20 — another series of the type M3"(F309)2.^?H20 ; and yet a 
third series of the type ]\r'M4''(P309)2./iH20. L, Jawein and A. Thillot found a mol. 
wt. 103 from the lowering of the f.p, of aq. soln. This number corresponds with the 
mol. wi}. of the simple unpolyiiierized acid, but the result is supposed to be invalid 
as evidence on account of ionization. G. Tammann’s observations on the lowering 
of tlie vap. press, of ,aq. soln., and A, Wicsler's uieasuremouts of the electrical conduc- 
tivity, lead to the same conclusion — the difference in the conductivity of soln. dil. 
t; “ 32 and 1024 is 30*1 in agreement with W. Ostwald’s rule for salts of tribasic 
acids. G. Tammann also measured the lowering of the f.p., the electrical conduc- 
tivity and the temp, coeff. of the conductivity. A. Wieslcr and W. .Hittorf measured 
the transport numbers of the ions. 

Alkali tetrametaphosphates. -T. Fleitmann prepare<l what he regarded as sodium 
tetrametaphosphate, (NaP03)4.4H20,by treating copper, lead, cadmium, or bismuth 
tetrameta phosphates with sodium sulphide. Alcohol precipitates the salt from the 
clear soln. F. Warschauer prepared the salt by a process like that cmi)Ioyed 
for the trimetaphosphato. The correB])onding lithium tetrametaphosphate, 
(LiP03)4.4ll20, and potassium tetrametaphosphate, fKP03)4.4H20, were made 
in a similar manner. The aq. soln. is neutral, and tlie sodium salt is obtained 
as a transparent hygroscopic mass by the evaporation of the aq, soln. The solid 
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«a obtained forms elastic threads like rubber. F. Warschauer found the lithium 
ssdt loses its water of crystallization at IW. When heated to m.p., hexameta- 
phosphates are formed. F. Warschauer argued that this salt is a higW polymer 
than tetrametaphosphate, and that the electrical conductivity of its aq. soln. cannot 
be measured on account of dissociation. The electrical conductivity of soln, o£ 
dil. v =32 and 1024 , give 40*6 in harmoiiy with W. Ostwald’s rule for a tetrabasic 
acid. Similar remarks apply to the electrical conductivities of the lithium and 
potassium salts. 6 . Tammanii also measured the electrical conductivity and the 
temp, coeff. of aq. soln. of the sodium salt, and W. Hittorf the transport number 
of the ions. 

Alkali hexametaphosphates. — When microcosmic salt, (NH4)NaHP04, or sodium 
dihydrophosphate, NaH2P04, is heated on a gradually rising temp., T. Graham found 
that diaodium dihydropyrophosphate is first formed, and if the temp, has risen 
high enough to fuse the salt, a vitreous cake is obtained when the liquid is slowly 
cooled. When this product is treated with an excess of water, one portion dissolves, 
and the soln. furnished T, Fleitmann and W. Henneberg with sodium trimetaphos- 
phate ; the insoluble portion, called MaddrelVs saU, is assumd to be monometa- 
phosphate. If the molten mass be rapidly cooled^ a vitreous, or glassy, hygro- 
scopic m^ass is obtained which is easily soluble in water, and which is sometimes 
called Graham'S salt. H. Rose showed that a soln. of 6 raham\s salt furnishes 
precipitates partly flocculent and partly gelatinous when it is mixed with many 
salts of the metals or alkaline earths — e.g. by pouring the freshly prepared soln. 
into an excess of a soln. of silver nitrate, two distinct layers are formed : (i) a crystal- 
line silver liexametaphosphate, Ag^PflOig ; and (ii) a gelatinous or resinous layer 
which is insoluble in water, and which appears to have the composition AgsNaPflOig. 
According to G. Tanmiann, Graham’s salt is an impure sodium hexametaphosphate, 
(NaPOa)^, which can be purified by pouring a soln. into an excess of a soln. of silver 
nitrate. The crystalline precipitate is separated from the oily liquid which simul- 
taneously separates, and transformed into the sodium salt by treatment with a 
soln. of sodium chloride. H. Liidcrt, and G, von Knorre prepared sodium hexa- 
metaphosphate by gradually heating disodium hydropyrophosphate to redness, 
and rapidly cooling the fused mass. 

According to T. Graham, the salt is very soluble in water, and the soln. has an 
acid reaction. When the soln. is evaporated at about 40 *^ it forms a gum-like 
mass which, when dried over sulphmnc acid, contains 9*79 per cent, of water ; and 
if dried at 204 *^, it contains 7*6 per cent, of water, and consists of sodium pyro- 
phosphate, Na4P207, T. Graham says that the soln. does not change on keeping 
at ordinary temp., or when boiled with sodium hydroxide ; but if evaporated to 
dryness and the residue be heated, an orthophosphate is produced. H. Ludert 
adds that if the soln, be heated to say 40 ”, it changes into pyro- and tetra- 
phosphate. T. Graham says the salt is soluble in alcohol, while H. Liidert says that 
alcohol slowly precipitates an oily liquid from the aq. soln. L, Jawein and A. Thillot 
found the riiol. wt. calculated from the lowering of the f.p. of aq. soln, ranged from 
404 to 417 . A. Weisler, and G. Tammann have measured the electrical conduc- 
tivities of aq. soln. 

G. Tammann ( 1892 ) inferred that Graham’s salt is probably a mixture of at 
least three different isomeric hexametaphosphates, and this is said to be confirmed 
by differences in the electrical conductivities of the salts, G. Tammann assumes 
that the sodium is united in different ways with the anionic complex, for example, 
Na5[NaP<jOi8] ; Na4[Na2P60i8j ; and Na2[Na4Pe0i8l* When ordinary sodium hexa- 
metaphosphate is digested with ammonium chloride, G. Tammann obtained sodium 
pentammonium hexametaphosphate, Na(N!^)5p6Q;j8- When monopotassium 
dihydrogen orthophosphate is treated with silver nitrate like the correspondmg 
sodium salt, it furnishes a mass insoluble in water, and this, when digested wRh 
silver nitrate, furnishes K2Ag4p80i8-H20 ; and when this product is treated with 
sodium chloride, it forms both K2Na4P50|g and Na2K4P50i8. An analogous scries 
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of lithium salts, Li2M4P60i8.' been prepared in which M denotes the radicle 
NH4 or an atom of sodium or potassium ; salts of the type Sr2K2P60l84H20 
hav9 also been made. G. Tammann (1892) found that the electrical conductivity 
of sodium hexametaphosphate is characteristic of a salt of a dibasic acid, 4»nd the 
sodium salt is accordingly symbolized : Na2[Na4pe0i8] ; the potassium s^lt, 
K2[Na4P80i8l, has also been made. The electrical conductivity method of finding 
the basicity of the acid is generally not so satisfactory because some jiyxophosphate 
is formed when the salt is dissolved in water, presumably : Na4P50i8+3H20 
=3Na2H2P207. The aq, soln, of sodium hexametaphosphate gives a gelatinous 
flocculent precipitate with barium chloride, and this, on boiling with water, passes 
into barium tetrahydrogen orthophosphate, Ba(H2P04)2. The .gum-like properties 
of the hexametaphosphates is characteristic. Sodium hexametaphosphate does not 
give precipitates with iron, nickel, copper, zinc, mercury, or lithium salts, but with 
manganese, magnesium, ‘uranium, and potassium salts, precipitates are obtained 
which dissolve in an excess of the sodium salt ; and with lead and barium salts^ 
precipitates are obtained which do not dissolve in an excess of the sodium salt* 
Double salts of the general type R6''R2^(P80i8)2, where R" represents an atom of the 
bivalent metal, and R' an atom of the metal of the alkalies — e.g, Ca5Na2(P80i8)2 — 
are characteristic. Molten sodium hexametaphosphate resembles borax glass in 
dissolving metal oxides, and it or microcosmic salt is accordingly used as S blowpipe 
reagent. 
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§ 44. Ammonium Phosphates 

M. Betthelot and W. Louguinine found the heat of neutralization Q of a mol. of 
orthophosphoric acid by n mol. of ammonia, NH3, all in soln., to be at 17° ; 

J 1 H 2 6 6 

Heat of neutralization . 6'71 13*46 20*32 23*14 23*33 23*70 Cals. 

In dil. soln., therefore, one hydrogen of phosphoric acid is displaced by ammonium, 
a second very incompletely, and the third not at all, A great excess of ammonia 
is needed to complete the substitution of all three hydrogen atoms of phosphoric 
acid by ammonia. By treating aq. ammonia with phosphoric acid until the soln. 
reddens blue litmus, and no longer gives a precipitate with barium chloride, E. Mit- 
Bcherlich ^ obtained a liquid which furnishes, when cone, by evaporation, tetragonal 
crystals of ammonium dihydrophosphate, (NH4)H2P04. G. von Knorre obtained 
this salt as an opaque white porous mass by heating diammonium hydrophosphate 
to 155° ; according to C. K. Rammelsberg, the tetragonal ciystals of the ammonium 
salt are isomorphous with the corresponding potassium and thallium salts, and 
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wMch, according to E. Mitsoherlich, have the axial ratios a : c=l : 1'0076. The 
corresponding sodium salt is not anhydrous. A. Sabanejeff has pointed out that 
the salt is isomeric with primary hydroxylaraine phosphite, (NHgOlHsPOs. 
Mixed crystals of tetragonal potassium and ammonium dihydrophosphates have 
been slmdied by J. W. Retgers, and R. Krickmeyer. J. W. Retgers said that the 
two salts generally form turbid aggregates and not large clear mixed crystals, and 
even then, the mixed crystals occur only when the potassium or the ammonium 
salt is in large excess, while R. Krickmeyer could only obtain mixed crystals when 
the ammonium salt was in large excess — over 94’5 per cent. NH4H2PO4 — ^and not 
when the potassium salt preponderated. 

The sp. gr. according to H. SchifE is 1779 ; B. Gossner, 1‘803 ; W. Muthmann, 
1-794 ; H. G. F. Schroder gives 1-779 ; and R. Krickmeyer, 1803 (19°-20°), 
H. Topsoe and C. Christiansen gives for tlie refractive indices for the ordinary 
<0 and extraordinary € rays respectively 1-5212 and 1-4768 for the C-line; 1-6246 
and 1-4792 for the D-line ; and 1-5314 and 1-4947 for the A’-linc. P. A. D. Beithelot 
gives for the mol. electrical conductivity fx, for soln. with a mol. of the salt in v litres 
of water : 


V 

10 

20 

50 

JOO 

200 

5000 

1000 

00 

u, (NH^Ha-PO* 

. 60*0 

03*3 

670 

69 0 

71*4 

73-6 

75*2 

(79-4) 

fi, (NH 4 ),HP 04 

. (53*8 

68*5 

74*9 

78-7 

82-2 

86 0 

88*2 

(98-0) 

(NH,)3P0, 

. 42*0 

45-9 

52*0 

55-8 

69*3 

63-8 

68*8 


The solubility of 

ammonium dihydrophosphato 

in water has 

been 

determined 

by 0. Apfcl, and G. H. Buchanan and G. 
grms. of soln. 

B. Winner. 

The latter found per 100 

4 * 8 ’ 

183 " 

300 '^' 

40 - 0 ’ 

50 * 0 ^ 

m)o' 

90*0 ’ 

1020 " 


( rrms . 20-3 

2(>*3 

31*0 


40 '8 

49*7 

59* i 

63*4 

67*6 


The re.sults at between 5° and 90° are represented by AS'^lS U -f 0-4650. The 
equilibrium conditions in the presence of phosphoric acid have been previously 
discu8.sed, Fig. 92. 

Aq. soln. of the ammonium pho.sphates are readily liydrolyzcd. The degree of 
hydrolysis of ammonium dihydrophosphate in normal aq. .soln., computed by 
A. Naumann and A. Rucker from the amounts of ammonia obtained in the dis- 
tillate from ar{. soln., is 0-0476 ; for N-ammonium sulphate, 0 23 ; for 2iV-ammoniuiu 
bromide, 0-028 ; and for 2N-ammonium chloride, 0 03. 9’hcsc numbers represent 
the percentage of free ammonia in the soln. The degree of hydrolysis increases 
with dilution, but except with ammonium chloride and bromide, the ijicrease is 
not in accord with that computed by the formula a;-/(l— x)— A'. Likewisse for 
<liammonium hydrophosphate, (NIf4)2HP04, A. Naumann and A. Riickor found 
for 2iV-soln., 8-0 per cent, hydrolysis; for IN-soln., 11-61 ; for ^A-soln., 14 68 ; 
for g’jN-soln., 20-34 ; and for jJjN-solns., 22 43 per cent. Similarly, for tri- 
amraonium phosphate, (NH4)3P04, the degree of hydrolysis for | A’ -soln. "is 14 0 per 
cent. ; for f^Af-soln., 17-53 per cent. ; and for Tfl.A-solu., 25-4 per cent. C. Friedbeim 
found that the action of a mol. of sulphuric acid on two of the ammonium dihydro- 
phosphates is to form white prismatic crystals of a complex NH4H2P04.(NH4)I1S04. 
M. Berthelot has studied the distribution of barium and magnesium between phos- 
phoric and hydrochloric acids. According to A. Joannis, dry ammonium dihydro- 
phosphate absorbed nearly 0 5 of dry ammonia gas in 15 days. N. Parravano and 
A. Mieli preiMired small crystalline needles of the acid salt (NH4)H2P04.H3P04 — 
ammonium pentaliydrodiphMphate — ^by crystallization of ammonium dihydro- 
phosphate from dil. phosphoric acid ; and add that the salt can be properly dried 
by keeping it a long time over phosphorus pentoxide. N. Parravano and A. Mieli 
found the salt melts between 77° and 78°, and decomposes into «(NIf4)H5(P04)2 
— w)H3P03-|-»J'(NH4)H2P04H3P03d-{TO— » w)(NH 4)H2P04. The salt also de- 
composes in contact with water. 
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piammonium hydrophosphate, {NH4)2HP04.^ T. J. Herapath,^ and C. U- Shep- 
hard have reported the occurrence of this salt in guano ; and it has been reported 
HI tiw urine of carnivorous animals. E. Mitscherlich prepared crj^stals of the salt 
by the spontaneous evaporation of a mixture of phosphoric acid with an excess 
of ammonia or ammonium carbonate. R. \i(ial noted the formation of the salt 
when glycol, acts on phospham, NP(NH) ; and H. N. Stokes, during 

the hydrolysis of a boiling aq. soln. of monamidophosphoric acid, NHg.POCOH)^. 
E. Mitscherlich and H, J. Brooke found that the crystals belong to the monoclinic 
systems, and they have the axial ratios a:h\ c=:10143 : 1 : 1*1980, and j3r=91° V. 
(y. F. Rammelsberg says that the crystals are isomorphous with dithallous hydrogen 
phosphate, II2HPO4, A. Sabanejeil has pointed out that the crystals are isomeric 
with ammonium hydroxylamine hydrophosphite, (NH4)(NHa0H)HP03. The 
salt has a cooling, saline, pungent taste. H. Schifl’s value for the sp, gr. of the salt 
is 1*619 ; and H. Buignet’s, 1*678 ; (>. Merling found the crystals to be diamagnetic. 
H, lopsoe and C. (Jhristianscn have measured the refractive indices and found for 
the ordinary and extraordinary rays the respective values 1*5212 and 1*4768 for the 
C-linc; 1*5246 and 1*4792 for the y>line ; and l*o3]4 and 1*4847 for the F-linc. 
E. Doumer found the optical refraction to be 0*326, and the mol. optical refraction 
43*1. J. Bergengren examined the X-ray spectrum of ammonium phosphate. 
The electrical conductivity of aq. soln. is indicated in connection with the 
primary salt. J. L. ]\I. Poiseuille measured the viscosity of the soln. in terms 
of the velocity of flow. The crystals efiloresce on exyjosure to air and lose ammonia. 
The solubility of diammonium hydrophosphatc in water has been determined by 
H. G. Greenish and F, X, IJ. Smith, who found that 100 grms. of water at 15"* 
dissolve 131 gnus, of (NH4)2HP04, and the sp. gr. of the soln. is 1*343. G. H. 
Buchanan and G. B. Winner found per 100 grms. of soln. 

^ O'" 10’’ 20^ 30^ 40° 50’ 60° 70" 

tirms, . . . 30 0 38*4 40^7 42*5 45-0 47*1 49*3 51*5 

The results at between 10^^ and 70^^ are represented by /S~=36'5 +0*2130. The 
equilibrium conditions in the presence of phosphoric acid have been previously 
discussed, Fig. 92. 

When heated, the salt melts, and loses ammonia forming mctajAosphoric acid — 
L. J. Proust obtained a 62 per cent, yield when the calculated yield is 60*6 per cent., 
and G. von Knorre says that the residue after heating to e350°-360'' still retains 
much ammonia. G. von Knorre has studied the action of heat on this salt. There 
is the possible formation of ammonium dihydrophosphate, (NH4)H2P04, with a loss 
of 12*88 per cent. ; of diammonium dihydVopyro phosphate, (NH4)2H2P207, with a 
loss of 19*70 per cent. ; of ammonium metaphosphatc, NH4PO3, with a loss of 26*51 
per cent. ; and of juctaphosphoric acid, Hl^Os, with a loss of 39*46 per cent. With 
3-4 hrs. heating in a platinum crucible, the percentage loss of weight was ; 

100° 135" 155° 106° 215° 250° 285° 350° 360° 

boss . 1-34 7-49 J 1*7.5 J.348 20*98 22*52 24*85 20*20 27*39 

The crystals after heating to 100^ are white and opaque, and show no signs of the 

formation of pyrophosphate ; at 155°, the white porous mass in the upper ymrt of 

the dish is largely ammonium diUydrophosphate, and the partially fused mass at 
the bottom of the dish contains both ortho-, pyro-, and meta-phosphoric acids — 
the main reactions appear to be (NH4)2HK)4'— NH3+(NH4)H2P04 ; and 
2(NH4)H2r04— H20+(NH4)2H2V2G7 ; at 166°, the residue is a viscid traiisj>arcnt 
hygroscopic mass which is mainly pyrophosphoric acid and with traces of meta- 
phosphoric acid ; at 216"', the transparent glassy mass contains i)yro- and meta- 
phosphoric acid as in the case of the product at 166° ; and at 280°, a similar product 
is obtained, which is soluble in water, and the soln. gives an oily precipitate when 
alcohol is added. In no case was the formation of an insolulde metaphosphate 
observed. E. Mitscherlich found 100 c.c. of water dissolved 25 parts of diammonium 
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hydrojpHospliate, and the solubility of the secondary salt is rather greater than that 
of the primary salt. TJh® w®re found by D. Gernea, and C. Tomlinson to 

be prone to uudercooraig, and E. Mitscherlich says the soln. reacts alkaline, and 
loses half its ammonia when boiled. The degree of hydrol3^iB of aq. soln. has been 
discussed in connection with the primary salt. E. Mitscherlich found the salt to be 
insoluble in alcohol. D. Carnegie and F. Burt found that a dil. soln. of diammonium 
phosphate gives a white precipitate of mercuric chloroamide, Hg(NH2)Cl, when 
treated with a soln. of mercuric chloride; with cone, soln., dark red mercuric 
phosphate is precipitated which is more or less contaminated with chloride which 
cannot be removed by washing. 

Triammonittm oiraopbosphate, (NH 4 )sP 04 . — Trihydrated normal or tertiary 
ammonium phosphate was made by J. J, Berzelius ^ by treating a cone. soln. of 
diammonium hydrophosphate with cone. aq. ammonia. The magma so formed 
readily gives off ammonia, reforming the secondary salt. P. Schottlander prepared 
this salt by adding a mixture of three volumes of a 1 : 10 soln. of the secondary salt 
and three volumes of a 1 ; 8 soln. of ammonium chloride to two volumes of aqua 
ammonia — sp. gr. l‘900-r905— diluted with one volume of water, and warmed to 
60°. The mixture was slowly cooled in a closed vessel. The crystals were washed 
with aqua ammonia and pressed between filter paper a few hours. K. Kraut and 
P. Schottlander find the crystals have a composition corresponding with trihydrated 
triammonium orthophosphate, (NH4)3P04.3H20. F. Sestini obtained a white 
crystalline mass of what he regarded as pentahydrated triamraonium orthophos- 
phate, {NH4)3p04.5H20, by evaporating, over quicklime, a soln. of the secondary 
salt in an atm. of ammonia. E. Filhol and J. B. Sendorens were not able to prepare 
the compound (NH4)3P04.H3P04, or (NH4)H2P04.(NH4)2HP04, from a soln. of 
phosphoric acid neutralized with ammonia. Similar remarks apply to the potassium 
salt, although the corresponding sodium salt was formed. 

The prismatic crystals of the tertiary ammonium salt lose ammonia slowly in 
air, but remain unchanged in a sealed tube ; they are soluble in warm water and 
separate out again from the cooling soln. The crystals are fairly stable in dry air, 
but lose two-thirds their ammonia when a soln. is boiled. The hydrolysis and 
electrical conductivity of aq. soln. has been discussed in connection with the 
primary salt. When boiled wdth aluminium foil, W. Smith found a feebly alkaline 
soln. of ammonia in phosphoric acid attacked the metal, forming a white powder ; 
zinc, under similar conditions, gives off hydrogen and ammonia. G. Petrenko mixed 
a cooled soln. of triammonium orthophosphate with hydrogen peroxide and treated 
the mixture with alcohol. Monoclinic and rhombic crystals were obtained which in 
air decomposed into oxygen and ammonia. 6. Petrenko represents the composition by 
the formula3(NH402)2P : 0(NH402){N:^0)2P : 0(NH402)(NH40)(0H)P : O.I2H2O ; 
the product may be impure ammoniam peiphosphato, (NH4)3POe. P. Chrbtien 
prepared ammomum iodatophosphate, 4(NH4)20.P205.18l206.12H20, analogous 
with the potassium salt {q.v.). 

Si^ttm ammonium hydrophosphate, NH4NaHP04.4H20.— This salt is also 
called microcosmic salt. T. J. Herapath found it to occur as stercorite — stercus, 
dung — ^in guano. In 1743, A. S. Marggraf ^ showed that the salt obtained by the 
evaporation of human urine contained volatile alkali and phosphoric acid ; and 
L. J. Proust (1775) demonstrated the presence of soda in this same salt. Reference to 
the salt appears in the writings of the pseudo-Geber. J. I. Hollandus, J. B. van Helmont 
(1644), etc. From the sixteenth to the eighteenth century, this salt was called 
sal urinm fixum to distinguish it from sal urinm volatile, or ammonium carbonate ; 
«tnd it was also called sal microcosmicum, because it was derived from man, and 
ParEicelsus supposed mankind to bo an epitome, miniature, or microcosm (fUKpos, 
small ; Koafun, world) of the exterior universe or macrocosm (/auk/kJ?, great). 

J. 3 . Berzelius prepared crystals of tetrahydrated sodium ammonium hydro- 
phosphate, Na(NH4)HP04.4H20, in 1816, by cooling a hot aq, soln. of five parts 
secondary sodium phosphate, Na2HP04.12H20, with two of the corresponding 
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ammonium salt, (NH4)2HP04, The mother liquor when further evaporated yields 
other crops of crystals provided the ammonia lost by evaporation be replaced. 
J, J, Berzelius also obtained the salt by cooling a liot soln/of six to seven parts of 
secondary sodium phosphate with one of ammonium chloride. 0. C. Wittstein showed 
that products need to be recrystallized in order to eliminate contaminating sodium 
chloride. If thesr)dium phosphate used has hydrophosphate as impurity,F. L. Winkler 
says the latter crystallizes out alone, while the former produces the double salt. 

J. L. Proust says the crystals have a saline and somewhat ammoniacal taste. 
The crystals of microcosmic salt are formed in large, transparent, colourless prisms 
belonging to the monoclinic system, and, according to E. Mitscherlich, they have the 
axial ratios a:b: c— 2*8826 : 1 : 1*8616, and j3=99'^ 18'. H. Schiff gives the sp. 
gr. 1*554, while T. J, Herapath gave 1*6159 for stercorite with 9 per cent, impurity. 
When heated, the crystals effloresce and give oft ammonia when exposed to the 
air. T. Graham says that the crystals melt very easily when heated, and lose 
ammonia and water, leaving a residue of sodium dihydrophosphate, NaH2P04, and, 
adds E. Mitscherlich, all the combined water is given off at a higher temp., and the 
salt is converted into a transparent glass — sodium hexametaphosphate — which 
is used as a flux for metallic oxides. G. von Knorre places the m.i). at 79®, and he 
says that after three hours’ heating at 100°, it loses only 0*6 per cent, of ammonia ; 
at 200°, it forms disodium dihydrophosphate, Na2H2P207 ; the formation of soluble 
trimetaphosphate begins about 240°, and of insoluble metaphosphate at about 245° ; 
at 280° a considerable proportion of sodium metaphosphate is formed ; and the 
remaining ammonia is slowly lost at about 310°. More particularly, three mols. 
of water are expelled below 62°, a fourth below 160° ; and a fifth along with ammonia 
is not completely expelled at 360°. It is thought that the three molecules of water 
expelled below 1(.)()° are united in the molecule as bivalent H20-groups (oxygen 
quadrivalent), and that the others are in the hydroxylic form. These hypotheses 
give the graphic formula : — 


NaO 

NH4O 


.HO-OH2 

>P.;-H0-0H2 

^H0==0H2 


The salt is very soluble in water — 100 grms. of cold water dissolve 16*7 parts of the 
salt, and ICK) parts of hot water dissolve 100 parts of salt — ^the soln. loses ammonia 
when heated, J. M. Thomson and W. P. Bloxam found that the supersaturated 
soln. crystallizes when seeded with a crystal of the solid salt- — ^this is taken as showing 
the existence of the undissociated solid in the soln. J. M. van Bemrnelen found 
that but very little ammonia can be separated by dialysis. J. Thomsen gives — 10*8 
Cals, for the heat of soln. of a mol. of the salt in 800 mols. of water at 18°. E. Doumer 
gives 0*303 for the optical refraction of the salt in dil. soln., and 45 for the mol. 
refraction. 


According to fcf. Uelsmann, if a liot soln. of microcosmic salt in cone, aqua 
ammonia be cooled, crystals of hexahycirated sodium pentammonium diphosphate^ 
(NH4)5Na(P04)2.6H2f), are formed, which, on calcination, give a mixture of sodium inota- 
phosphate and metaphosphoric acid. Again, H. Uelamann found that if cold cone. soln. be 
used, crystalline plattjsof sodium diammonium phosphate, (NH4)2Nar04.4(or 5)11 oO, separate 
out. The crystals are washed with aqua ammonia. On exposure to air, or on evaporating 
the aq. soil!., ammonia is given off, and microco.smic salt is formed. A. Herzfcfd and G. 
Fouorlein prepared crystals of disodlum ammonium phosphate, Naj{Nli4)P04. 121120, by the 
action of ammonia gas on a cionc. soln. of disodiura hydrophosphale. 11. Ocisrnann claims 
to have made pentahydratod sodium ammonium |^drophosphate, (NH«)NaHP 04 . 5 Ha 0 , 
by the spontaneous evaporation of the mother liquid remaining after the ])reparation of 
sodium pentammonmm diphosphate, (NH4)5Na(P04)2.6H.2O. A. 8chwarzen berg did not 
succeed in making a potassium ammonium orthophosphate microcosmic salt — 

either from a mixture of dipotassium hydrophosphate and ammonium chloride, or by 
saturating a sohi. of potassium dihydrophosphato with ammonia, and sporitaneo\x<^ly 
evaporating the soln. S. S. Sodtler prepared the mixed ^It from phosphorite. P. W. 
Bridgman represented a commercial preparation by (N'H4)2KX’04.4HjO. The salt becomes 
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anhydrouR by beating in vacuo for 2 hrs. at 100®. Ho found evidence of a transition point 
near 100® at 11,480 kgrins. per sq. om., or at 86 ®, and 11,800 kgiTos. press. ; but none at 
room temp, up to 120,000 kgrms. per sq. cm. press. There is another transition at 128®. 
It is assumed that there are three modifications of this f^alt ; but that the substance itself 
is unstable and gradually changes to some other substance with a change in volume. The 
fact that the ch^ge in volume is a deci’easo sho\vs that the unstatiUity i.s the result of higli 
press, and not by a high temp. The change is not accompanied by an alteration in the 
colour, or by the evolution of ammonia. J. J. Berzelius reported the formation of litbium 
ammoninni hydrophospbate — Uthmm imcrocoswic salt — analogous to the corresponding sodium 
salt, by evaporating a soln. of a lithium salt with diammonium hydrophospbate ; but 
W. Meyer and C. F. Uammelsberg obtained only trilithium orthophosphate, LiaPOi, 
under these conditions. 


E. Filhol and J. B. Senderens claim to have made sodium ammonium sesquiphos- 
phate, Na3P04.(NH4)3P04.2H3P04.3H20, analogous to the sodium salt (y.r.). 
This compound — if it be a compound — is said to be very unstable and readily de- 
composed by water into an acid and a basic salt. 

Ammonium pyrophosphates. — A. Sdiwarzenberg.® prepared normal or quater- 
nary ammonium pyrophosphate by adding alcohol to a sat. soln. of j)yroj)hosj)horic 
acid in aqua ammonia. He found that small crystals of tetrammonium })yro- 
phosphate, (NH4)4P2G7, separated when the mixture was allowed to stand for 
24 hrs. The salt is very soluble in water, and reacts alkaline. When the aq. soln. 
is heated with ammonia, it forms triammonium orthoj)hospliate, (NH4)3P04 ; and 
if the aq. sola, be boiled alone, it forms diammonium dihydropyrophosphate, 
(NH4)2H.2P207. a. Scliwarzcnberg prepared secjondary ammonium ])yrophos- 
phate by dissolving normal ammonium pyrophosphate in acetic achl, and mixing 
the soln. with alcohol, until the syrupy liquid which so})arates crystallizes. The 
crystals arc freed from acetic acid by wa.shing with water. G. von Knorre made the 
same salt heating diammonium hydrophosphate, (NH4)2lir()4, in a ]>latinuni 
dish at 155 "". The salt is readily soluble in water, the soln. reacts acid, and it can 
be boiled without forming orthophosphate. 

A, Schwarzenl)erg made monoclinic prisms of disodium diammonium pyro- 
phosphate, Na 2 (NH 4 ) 2 R 2 G 7 , by evaporating a mixture of secondary sodium pyro- 
phosphate and aqua ammonia over quicklime and ammonium chloride. Tln^ (jrystals 
are readily soluble in water, and the soln., when boiled, loses ammonia. A. Scliwar- 
zenberg prepared crystals of hemihydrated dipotassium ammonium hydropyro- 
phosphate, K 2 (NH 4 )‘lir 207 .ill 20 . 

Ammonium metaphosphates. The product obtained by 11. N. Stokes*’ by 
boiling monamidophosphoric acid, Nlt 2 .BO(()Il) 2 , is either ammonium mono- 
metaphosphate, or a mixture of different meta])}iosphates — vide infra, G. Tam- 
mann prepared microscopic crystals of what he called ammonium jS-monometa- 
phosphate, NII 4 PO 3 , by crystallization in the cold of a soln. of phosphorus pentoxidc 
and glassy mcta])hosj>li(U‘ic acid with ammonium carbonate. A soln. of the purified 
salt gives a white precipitate with silver nitrate. The air-dried salt has the com- 
position NH4r03,3'4H2() ; and it passes in a few weeks into the orthophosphate. 

Ammonium dimetaphosphate, (NH4).2r206- — Fleitmann prepared the an- 
hydrous salt by treating copper dirnctaphosi)]iate with a soln. of ammonium sulj)hide 
in aqua ammonia. The filtered soln. is then treated with alcohol. C. G. Lindboom, 
and A. Sabanejeff prepared the same salt by molting sodium dihydrophosphate, 
and purifying the product by crystallization ; the sodium dimetaphosjihate so 
obtained was transformed into tlie barium salt, and tlie latter treated w^ith am- 
monium sulphate. A. Glatzel olitaincjd tetrahydrated ammonium dimetaphosphate, 
(NH4)2P2^6*^H2^^5 crystallization from very cone. soln. 

The crystals of the anhydrous salt arc short prisms belonging to the mono- 
clinic system. T. Fleitinann found that 100 parts of cold or hot water dissolve 
87 parts of the salt. A, Glatzel found that the salt is easily soluble in acids, and 
when the acidified soln. are boiled orthophosphoric acid is formed, The aq. soln. 
has an alkaline reaction, and when boiled it becomes acid, and contains no more 
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metapliosphate. L. Jawein and A. Thillot calculated the mol. wt. 118 from the 
lowering of the f.p. of aq. aoln.—the value calculated for (Nll^) 2 P 20 e is 97 . 
G. Tammann, and A. Sabanejeff, have measured the lowering of the f.p., the 
electrical conductivity, and the temp, coeff. of aq. soln. T. Fleitmann found that 
when the anhydrous salt is heated to it forms insoluble monometa- 
phosphate, NH4PO4, which does not change at but melts with the loss of 

ammonia at a red heat. A. Glatzel says that when the tetrahydrate is heated to 
200"^, it loses its water of crystallization, and a large portion of the product is insoluble 
in water. The insoluble fraction is thought to be T. Fleitmann's monometaphos- 
phate, the soluble portion is ordinary ammonium phosphate. If the hydrated salt 
be suddenly heated, it swells and bloats with the evolution of ammonia, and finally 
melts to a clear glassy metaphosphoric acid. 

T. Fleitmann prepared what he regarded as hydrated SOdium ammonium di- 
metaphosphate» Na(NH4)P20e.H20, by evaporating in air, or adding alcohol to a 
mixed soln. of the component salts. The crystals lose their water of crystalliza- 
tion at 110 ^. They are more soluble in water than the sodium salt, and less 
soluble than the ammonium salt. T. Fleitmann also prepared potassium ammonium 
dimetaphosphate, 2K2P20<5.r)(NH4)2P20<5, by crystallization from a mixed soln. 
of tlie component salts in the respective mol. proportion 1:3; with equi-molecular 
proportions, the salt, 3K2P2G6 (NIT4)2P20(i.4Ii20, is obtained. 

Ammonium trimetaphosphate, (NH4)3P309, C. G. Lindboom, and G. von Knorre 
made this salt and also the double salt, ammonium barium trimetaphosphate, 
NlLRaPjOy.HoO, G. TamTiiann's lithium diammonium trimetaphosphate, 
Jji(N.H4)2p309.41l20, possibly belongs to this class of compounds. The last-named 
compouiul was made by allowing insoluble lithium motaphospluite to stand for a 
week in contact witii a solii. of ammonium chloride. It is not perceptibly soluble 
in cold water, bufc dissolves copiously at 70 "^, forming an acid liquid from which the 
salt does not separate on cooling. G. Tammanu measured the, electrical con- 
ductivities of the soln. 

Ammonium tetrametaphosphate. — ^F. Warschauer prej)arcd ammonium tetra- 
metaphosphate, (NH4)4P40i2, by the action of a soln. of ammonium sulphide in 
aqua ammonia upon copper tetrametaphosj)hate. The filtered soln. is either 
treated with alcohol or allowed to evaporate spontaneously. Fine crystals can be 
obtained by the recrystallization of the aq. soln. If a trace of ammonium sulphide 
be retained by the salt as impurity, the crystals become yellow when exposed to 
light. The crystals were found W. Muller to be tetragonal with axial ratios 
a : C-— 1 : 1 1799 . The salt is more readily soluble in water than the corresponding 
sodium or potassium salts ; according to A. Glatzel, 100 parts of water dissolve 
12*5 parts of the salt, and the soln. has a feeble acid reaction. A. Glatzel says that 
when the aq. soln. is evaporated in air, it forms a viscid mass from which tetra- 
hydrated ammonium tetrametaphosphate, (NIl4)4P40i2.4H20, separates at 30 "*. 
The hydrate loses water at 150 °, and becomes almost insoluble and no longer behaves 
as a tetrametaphosphate. The ammonia is driven off at a red heat and some of the 
acid is simultaneously volatilized. When the aq. soln. is boiled with acids, an ortho- 
phosphate is formed. F. Warschauer measured the electrical conductivities of 
aq. soln. 

Ammonium pentametaphosphate. — G. Tammann ( 1892 ) claims to have made 
ammonium pentamctapliosphato, (NH4)5P50j5, by heating ammonium dimeta- 
l)hosphate at 200 ^^- 250 °, and treating the resulting mass with water. The same 
salt is made by dissolving ammonium decametaphosphate in hot water ; alcohol 
precipitates the salt from this soln. in white amorphous masses which have not 
been obtained in the crystalline state, but if the soln. be evaporated on a clock glass 
a stellate film is formed. G. Tammann measured the electrical conductivities of 
the soln. When this salt is treated with potassium bromide, ammonium tetra- 
potassium pentametaphosphate, K4(NH4)P50a5.6H20, separates from the soln. ; 
similarly, sodium or lithium chloride gives an analogous ammonium tetrasodium 
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pe&tametaithosphaie, Na4(NH4)PsOic, or anunoninm tetralithium pentameta* 
phOQ^te, Li4(NH4)PBOi5. G. Tanunaun has measured the electrical conduc- 
tivities of soln. of lithium and sodi^ salts. The potassium salt furnishes a crystal- 
line mass, the others form gum-like masses on evaporating the aq. soln.- There are 
several other differences between the potassium and ammonium salts — K4(NH4)P66i6 
and (NH4)4(NH4)P60 j, 6 — and the sodium and lithium salts — Na4(NHj)P60i6 and 
Li4(NH4)PsOi6. For instance, the behaviour of the two series of salts towards 
reagents is not quite the same ; and the electrical conductivity of the potassium 
salt agrees with the assumption that it fmnishes five cations, while the other salts 
tonish one cation and thus behave like salts of a monobasic acid ; and it is therefore 
inferred that [MiPsO^] behaves as a monobasic complex ion, an inference which 
is confirmed by the substitutions just indicated. By treating the ammonium 
salt with silver nitrate, a pulverulent salt with the empirical composition AgPOg.JHgO 
is obtained. When this is treated with the ammonium salt, it fiumishes a crystalline 
product, Ag4(NH4)P60i6.2Hjj0. Soln. of the sodium and lithium salts (1) give no 
precipitate with mercuric or cadmium chlorides, or with cupric sulphate — ^although 
the ammonium salt does give a gum-like mass ; (2) with barium or ferric chloride 
and lead nitrate, precipitates are formed which are insoluble in an excess of reagent ; 
(3) strontium chloride, or bismuth, or silver nitrate gives a flocculent precipitate 
soluble in an excess of reagent ; and (4) calcium chloride, or nickel, cobalt, man- 
ganese, zinc, ferrous, or aluminium sidphate gives a gum-like separation or a 
flocculent precipitate. The solubilities of these precipitates in an excess of their 
components indicates the formation of complex salts. 

Ammonium decametaphosphate.— G. Tammann prepared what he culled 
ammonium decametaphosphate, (NIDioPjoOao, by heating ammonium dimeta- 
phosphate between 200® and 2.50° for 2 or 3 hrs. An intramolecular change occurs 
and the opaque mass has an acid reaction. If the heating lie protracted too long, 
or if maintained at too high a temp., a viscid liquid is formed. The salt is insoluble 
in water at 20®, but if 100 grms. of water be allowed to stand for two mouths in 
contact with the solid 1’20 and 1'54 grms. pass into soln. Hot water dissolves 
the product rapidly, and there is no separation on cooling, so that the docamotaphos- 
phate imdergoes a transformation — the pentametaphosphate is formed. G. Tam- 
mann also found that if R. Maddrell’s insoluble salt is allowed to stand 12 weeks, 
or the second insoluble sodium metaphosphate is allowed to stand 8 weeks, in 
contact with a soln. of ammonium chloride, dodecahsrdrated ammonium decameta- 
phosphate, {NH4 )ioFioG3o.12H20, is formed in irregular shaped particles. Am- 
monium decametaphosphate is partly changed by treatment with soln. of the metal 
salts — e.g. potassium hydroxide, or potassmm chloride gives ammonium eimea- 
potassium decametaphosphate, Kg(NH4)Pi O3.IOH2O, as an insoluble crj^stalline 
powder. When the dcca-salt is treated with hot water, two mol. eqs. of pentameta- 
phosphate are obtained. 
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§45. The Relations between the Alkali Metals 

The five elements, lithium, sodium, potassium, rubidium, and caesium, called the 
alkali metals, exhibit an interesting gradation in the properties of the elements and 
their compounds in accord with the increase in their atomic weights, from member to 
member, in passing from lithium to csesimu. The metals are silvery white, soft 
enough to be cut with a knife, rapidly tarnish in air, and decompose water at ordinary 
temperatures. The lowest temperature at which the action of the different metals 
on water can be detected is —98'^ for sodium, —105° for potassium, —108° foi 
rubidium, and —116° for ceesium. The elements are all univalent, and manifest a 
remarkable affinity for oxygon ; csesimn and rubidium ignite spontaneously if placed 
in dry oxygen at the room temperature. Sodium and lithium, though compatible 
with the other members of the family, have feebler affinities. The chemical activity 
of the alkali metals appears to increase steadily in passing from lithium to caesium. 
The gradation in the physical properties is illustrated in Table LXIV. 

The elements have remarkably low specific gravity, and a high atomic volume 
{q.v.). The oxides and hydroxides are markedly basic ; they do not exhibit acidic 
qualities. The physical properties of the salts — solubility in water, molecular 
volume, optical properties, and the variation in the form of the crystals show the 
same order of variation as the atomic weights of the elements. Lithium differs in 
many respects from the other members of the family. The salts of the alkali metals 
— nitrates, chlorides, sulphides, sulphates, phosphates, carbonates, etc. — ^are nearly 
all soluble in water, although lithium, carbonate, phosphate, and fluoride are very 
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much less soluble than the corresponding salts of the iither members. And in this 
respect, lithium resembles the members of the calcium fam%, and it thus forms a 


Table LXIV . — Physicai. Propebties op the ^Vlkali Metals, 



Lithium. 

Sodium. 

IVitassimn. 

Rubidium. 


Atomic weight 

jB-94 

2300 

30-10 

85-45 

132-81 

Specilic gravity , 

0-534 

00723 

0-869 

1-525 

1-903 

Atomic volume . 

13-1 

23-7 

46-4 

56-8 

71-0 

Melting point 

180® 

OT-e* 

66-6® 

30® 

28-6® 

Boiling point 

•hl400® 

H775*‘ 

757® 

696® 

670® 

Specific heat at 0® 

0-041 

0-2811 

0-1728 

0-0802 

0-0522 

Coefficient expansion . 

— . 

0-000274 

0-000282 

0-000338 

0-000345 

Heat of fusion (cals.) . 

j 


27-21 

14-67 

6-144 

3-706 


connectii^ or bridge element between the alkalies and alkaline earths. The alkali 
sulphates form isomorphous characteristic alums (q.v.), but lithium alum appears 
to be so soluble that it has not yet been crystallized. The modes of crystallization 
of sodium and potassium sulphates and carbonates are worth noting. Lithium 
carbonate is sparingly soluble in water, sodium carbonate is not deliquescent, the 
others are. The salts of sodium and lithium form stable hydrates with water, whereas 
potassium, rubidium, and otesium salts are nearly all anhydrous. Sodium resembles 
lithium in the solubility of its chloroplatinate, acid tartrate, and alutn so much so 
that the alkali metals are sometimes divided into two classes : (1) those with sparingly 
soluble ohloroplatinates — viz. potassiunv, rubidium, and otesium ; and (2) those with 
soluble cldoroplatinates- — viz. sodium and lithium. 
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octosulphide, 654 

orthophosphate, normal, 874 

pentabromide, 595 

pentametaphosphato, 877 

pontaaulphido, 652 

perchlorate, 306 

periodates, 408, 409, 410 

perphosphate, 874 

phosphates, 871 

deeamelaxjhosphate, 878 

diinetaphosphate, 877 

orthophosphates, 875 

— x^entametaphosphate, 877 

— pyrophosphate, 876 

pyropjiosphate, 876 

seaquicarbonato, 786, 797 

sodium dimetax>hosx)hato, 877 

hydrortliophosphato, 874 

orthoi>hoax^bates, 875 

pentametax^hosxjhate, 877 

X^yrophoBphate, 870 

— Bosqiiiphosxjhate, 870 

sulphate, 700 

sulx^hato, 696 

acid, 703 

proxierties, chemical, 701 

physical, 690 

sulphide, 045 

tetrametaphosphato, 877 

totrosuliJhide, 652 

tetrac'nncaaulphide, 662 

tribroniide, 594 

tri-iodatc, 340 

— — . tri-iodide, 619 

trimetaphoHxdiate, 877 

trisulx)hido, 051. 

frold, 651 

Amx)hibole, 2 
Anhydrite, 430 
Anhydro-iodic acid, 307, 324 
Antimony x)erchlorale, 401 
Aphthitalite, 430, 657 
Aqua bromat«, 7 1 

— — chJorata, 71 
— — chrysulca, 21 

20 

regia, 20 

safis armoniaci, 20 

— — nitri, 20 

— secunda, 20 
Ai'canuni dupHcatuin, 056 
Arsenic x)entafhiorido, 12 
Aseharite, 430 
Astracanite, 430 

Ijotasaium, 430 

Atacamito, 15 
Atrun, 710 


B 

Barilla, 713, 733 

Barium ammonium trimetaxdiosxjhato, 877 
— bromate, 346 

hydrated, 346 
carbamate, 706 


Barium chlorate, 344, 345 

hydrated, 345 

chlorite, 284 

chlorocarboiuato, 796 

hypobromite, 273 

hypochlorite, 272 

I iodate, 347 

j hydrated, 348 

j perchlorate, 399 

j periodates, 412, 413 

i Beryllium bromate, 350 

; chlorate, 349 

' iodaio, 350 

perchlorate, 400 

periodate, 414 

Bischofite, 15, 430 
Bismuthyl perchlorate, 401 
Bittern, 625 
Black ash, 731 
Blanquette, 713 
Blasting powder, 826 
j Bleach -liquor, 244 
! Bleaching, 243, 202 

I Bertliollet^s method, 243 

! powder, 244, 258 

I — constitution, 260 

, — __ — manufacture, 259 

I i)ropQ^TtiG&, 260 

! Blind roaster, 730 
; Bleed ite, 430 
j Blue salt, 530 
Boeumlorito, 431 

’ Boiling points, solutions with two, 327 
i Boleito, 15 
' Bones, iiuorino in, 2 
i Boracito, 15, 430 
1 Bromargyrite, 10 
j Bi'omates, 296 

I - detection, 319 

I preparation, 300 

I properties, 305 

j uses, 319 

I Bromite, 16 
: Bromic acid, 290 

t constitution, 320 

I — prexoaration, 296, 300 

i Bromides, acid, 220 
j — comfdox, 228 

- detection, 209 

— j>roparation, 214 
properties, 217 

thermochemistpr, 218 

Bromine, atomic weight, 101, 105 

— ’ chemical reactions, 90 
-chlorine compounds, 114 

— — -fluorine compounds, 113 
history, 20, 24 

- — hydrate, 72 

-iodine comxjounds, 122 

- — mol. wt., 107 
monoxide, 242 

occurrence, 15 



physical properties, 40 

preparation, 38 

40 

solubility, 72 

- acid soln., 82 

organic solvents, 84 
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Bromine, solubility, salt soln., 82 

water, 71 

trifluorido, 113 

— trioxide, 281, 283 
uses, 06 

valency, 108 

water, 7 1 

Broimj-earimllite, J 0 
Bromoiodidos, 237 
Broinous acid, 285 

anhydride, 285 

Bromuni solidificatum, 97 
Bromyrite, J6 
Brown powder, 828 
Bucking, 243 

C 

Cadmium bromato, 360 

— ammino-, 350 

— chlorate, 360 

amrnino-, 360 

iodatc, 361 

amrnino-, 351 

perchlorate, 400 

periodate, 4 14 

Caesium onhydro-iodate, 338 
at. wt., 470 

— - bromide, 577 

properties, chemical, 580 

physical, 577 

brornoiodido, 610 

— — carbonate, 725 

pro])erties, chemical, 7(i7 

physical, 747 

chlorate, 320 

— - chloride, mol, wt., 556 

— preparation, 628 

‘ properties, chemical, 662 

physical, 620 

chlorobromidcs, 688 

- chloroiodido, 010, 011 

dihydrorthophosphate, 868 

dioxide, 487 

diphosphate, 862 

- disulphide, 631, 632 

— fluoride, 512 
fluoroperiodates, 417 
fluorophosphate, 851 

hexasiilphido, 631, 640 

— history, 422 

— hydrocar bonato, 774 
hydronitrate, 821 
hydrorthophosphate, 85 1 

hydrosulphide, 642 

hydroxide, 406 

- properties, 600 

- — iodato, 333 

— ‘ iodato -periodate, 408 

— iodide, 590 

... — — _ properties, chemical, 508 

physical, 006 

~ lithium alloys, 481 
motaphosphato, 867 

— - monosulphide, 022 

hydrated, 624 

properties, chemical, 627 

physical, 024 

monoxide, 486 

— — nitrate, 802 


' Csesium nitrate properties, chemical, 820 

j physical, 808 

1 ortho])hosphate, normal, 847 

- - properties, chemical, 849 

- physical, 848 

' — - iieniabromide, 588 

' pentaiodide, 610 

, pentasulphide, 631, 638 

; perchlorate, 305 

* periodates, 408 
‘ -potassium alloys, 481 

j — ’ preparation, 449 

j properties, chemical, 468 

; physical, 451 

, pyrophosphate, 862 

‘ salts extraction, 442, 444 

I subchlorido, 530 

1 suboxido, 480 

! — — sulphate, preparation, 660 

properties, chemical, 672 

! - - physical, 660 

- - sulphoniodido, 607 

tctrasulphide, 631, 634 

tetroxide, 485, 401 

tribrornidc, 587 
tri-iodide, 600 
, trioxide, 485, 401 

- triBulphide, 631, 634 
(^alcium bromato, 346 

hydrated, 346 

carbamate, 706 

chlorate, 344, 345 

hydrated, 345 

• ' ' chlorite, 284 

hydroxyhypochlorite.s, 272 

- ■ hypohromite, 273 

hypochlorite, 272 

hypoiodite, 273 

I — iodato, 347 

i hydrated, 347 

j perchlorate, 309 

1 periodates, 412, 413 

j Caliche, 17, 803 
I Caiicheras, 803 
i Calomel, 16 
! Carbamic a(^i<l, 702 
j Camallito, 15, 430 
; Catalysis, 143 

, by hydrochloric acid, 190 

i CaiLstic alkali, 405 

j alkalies, 421 

I Caustitication, 407 
! ionic theory, 408 

- — molecular tlieory, 498 
Cell, Griesheim’s, 35 

— Solvay’s, 36 

- - Sueur’s, 36 
Collarius’ receiver, 163 
Cerargyrite, 15 

Ceric iodate, 354 

pei'chlorate, 402 

Cerium bromato, 355 
Cerous broTnatc, 357 
- iodato, 354, 357 

perchlorate, 402 

— periodate, 416 
1 Chatclier’s law, 147 

I Chemical action, kinetic theory, 141, 142 
I Chhilua. 808 
Chiolite, 1 
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Chlorates, 296 

— detection^ 3 JO 

preparation, 207 

electrolytic process, 298 

properties, 305 

uses, 310 
Chloric acid, 206 

— — constitution, 320 

— preparation, 296, 209 

properties, 306 

Chlorides, acid, 219 
complex, 228 

- detection, 209 

- - preparation, 214 
properties, 217 

thermochemistry, 218 

Chlorine, Acker's process, 36 
active, 156 

and liydrogen, union in light, 148 
atomic weight, 101 
-bromine eoinpoimds, 114 

- Castner’s process, 36 

- chemical reactions, 90 
• Deacon’s process, 31 

dioxide, 286 

, composition, 200 

preparation, 287 

„ properties, 288 

electrolytic processes, 34 

-lluorine compoimds, 113 

- history, 20 

■ " hydrate, 72 
-iodine compounds, 114 

- isotopes, 106 

liquet action, 61 

- Mend’s process, 34 

mol. 107 

monoxide, 240 

compo.sition, 242 

- - - properties, 241 

- occiuTence, 15 

- pentoxklo, 293 
peroxide, 286 

- • - physical properties, 46 

- - preparation, 26 

puritication, 26 

solubility, 72 

acid soln., 82 

- organic solvents, 84 

salt soln., 82 

water, 71 

- - " tetroxide, 287 

Irioxide, 281 

- uses, 96 

- valency, 108 
water, 71 

Weldon and I’echiney’s process, 34 

- • Weldon’s process, 28 
Chlorinated potash, 243 

soda, 244 

Chlorites, 283 
C/hloroapatite, 15 
Chlorobroinides, 237 
Chlorocalcite, 15 
Chlorochroiie, 057 
Chlorogen, 268 
Chloroiodides, 237 
Chlorophfuto, 3 
Chloros, 96 

Chlorous acid, 281 


Chlorous anhydride, 281 
Chlorozonc, 268 
Chromato-iodio acid, 363 
Chromic perchlorate, 403 
Chromium b^mate, 358 

— - chlorate, 357 

iodate, 368 

Cinores clavellati, 419 
Coba, 803 

Cobalt, bromate, 360 

aramino-, 360 

chlorate, 360 

ammino-, 360 

— ^ iodate, 361 

ammino-, 362 

— ' pemhlorate, 404 

ammino-, 404 

i Cpccinito, 1 7 
! Cocoa powder, 828 
i Colloidal iodine, 98 
1 Colour changes on heating, 221 
: Compounds, molecular, 223 
: Conhtello, 711 
Conjelo, 803 
Contact action, 143 
Cookoite, 426 
"‘‘Copper bromate, 343 

ammino-, 343 

hypobromito, 271 

i iodate, 343 

! ammino-, 344 

I hydrated, 343 

I - -- oxyiodate, 344 

; periodates, 4 1 2 

I Coprolites, 1 
; Costra, 803 
I Cotunnite, 16 
j Crofting, 243 
Ciyolite, 1 

i asli, 715 

: Cryophylito, 426 

i Oystallization, magnesium and potassium 
I cldorides, 432 

I * — sulphates, 432 

, of jnixod salts, 431 

: solutions of inagnesiimi and 

potassium chlorides and sulphates, 
I 434 

j j)ond.s, 625 

I Ciystallolumineseonco, 531 
j Crystals, mixed, 224 
I Cumengeite, 15 
! Cupric chlorate, 342 

. — ammino-, 343 

: liydrated, 342 

- hypochlorite, 271 
oxychloraie, 342 

; - ' ]>erchlorate, 300 

; - ammino-, 300 

’ Cyano(*hroito, 657 
I Cyanochrome, 657 

1 ) 

Darapskite, 656, 804, 816 
Daubre'ite, 16 

Dead space in reactions, 312 
Dephlogisticated muriatic acid, 21 
Dhobies earth, 710 

I Di-iodaios, 324 ^ 
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Didymium bromato, 364 

perchlorate, 402 

Dietzeite, 347 

Digestive salt of Sylvius, 420 
Dimesoiodic acid, 324 
Dissociation, 143 
Diver’s liquid, 843 
Douglasite, 15, 430 
Duka, 711 
Dynamite, 829 
Dysprosium bromato, 364 


E 

Eau do Javello, 243, 268 

Labarraqiie, 244, 268 

Eglcstonite, 16 
Electro-affinity, 227 
Electrozone, 96 
Einbolite, 16 
English drops, 781 
Epsomite, 430 

Equilibria, chcniical, effect of press., 146 

- — — temi)., 146 

Equilibrium, 141 
condition of, 141 

- ' - false, 162 

law, J. H. van’t Hoff’s, 145 

Erbium bromate, 354 
~ - - chlorate, 364 

iodate, 364 

Eryophylite, 426 
Erythrosiderite, 16 
Espumilla, 711 
Kuciyptito, 425 

F 

Ferment, nitric, 807 
*■ ~ nit rous, 807 
Ferric bromate, 369 

chlorate, 359 

hypochlorite, 275 

iodate, 369 

perchlorate, 403 

periodate, 416 

Ferronatrite, 656 
Feri-ous bromate, 359 

chlorate, 369 

iodate, 359 

perclilorate, 403 

periodate, 416 

Fiedlerite, 16 
Fixed alkalitjs, 420 
Fluellite, 1 
Fluor, 1 

acid, 3 

apatite, I 

lapis, 3 

Fluorides, 137 
acid, 138 

- - — complex, 1 38 

detection, 135 

determination, 136 

- — double, 138 

etching test, 135 

hydroxy-, 139 

oxy-, 139 

thennocheraistry, 218 


Fluorides, uses, 134 
Fluorine, 3, 4 

. action, acetone, 13 

- ammonia, 1 2 

arsenic, 12 

trichloride, 12 

— trifluoride, 12 

trioxide, 12 

borates, 13 

boric oxide, 12 

boron, 12 

trichloride, 12 

- bromides, 13 

bromine, 12 

_ calcium carbide, 3 

carbon, 12, 13 

dioxide, 13 

disulphide, 13 

monoxide, 1 3 

tetrachloride, 13 

_ - , carbonates, J 3 

- c-arbonyl chloride, 13 

chlorides, 1 3 

... clilorino, IJ 

chloroform, 13 

*- cyanides, 13 

cyanogen, 13 

_ ethylene tetrac-hloride, 1 3 

- glass, 12 

- - hydrofluoric acid, 12 

hydrogen, 1 J 

— bromide, 12 

- - chloride, 1 2 

iodide, 12 

-- sulphide, 1 1 

iodides, 13 

iodine, 12 

metals, 13 

. . nitrates, 13 

nitrides, 13 

nitrogen, 12 

'peroxide, 12 

nitrous oxide, 12 

... oxides, 13 

oxygen, 11 

ozone, 11 

phosphates, 13 

- phosphides, 13 

phosphoms, 12 

oxyfluoride, 12 

, pontachlorido, 12 

pentafiuoride, 12 

pentoxide, 12 

> trichloride, 12 

— selenium, 1 1 

I — silica, 12 

1 silicon, 12 

tetrachloride, 1 2 

— — sulphates, 13 

sulphides, 13 

sulphur, 11 

dioxide, 11 

, — sulphuric cic.id, J I 

! tellurium, 11 

water, 1 1 

atomic weight, 13 
boiling point, 10 
-bromine compounds, 113 
capillarity, 10 
-cmoriixo compounds, 113 
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Fluorine, colour, 0 

decomposition voltftge, 10 

density (relative), 10 

dispersion, 10 

elementary nature, 0 

ex^Dansion (ihormal), 10 

history, 3 

in bones, 2 

mineral waters, 2 

index of refraction, 10 

-iodine compoiuids, 1J4 

magnetic suscoptibility, 10 

melting point, 10 

molecular weight, 13 

occurrence, 1 

preparation, 7 

_ Arago’s process, 0 

iVIoissanV process, 8 

Vouleuc and Meslans' process, 0 

properties, chemical, 10 

physical, 9 

refraction, 10 

- smell, 9 
• .spectrum, 10 

transport number, 10 

Fluorite, 1, 3 
Fluorium, 4 
FI uoro- iodic acid, 303 
Fluorspar, I, 3 
Fluss, 3 
Flusspat, 3 
Flussssure, 3 
Flussspath, hepatic, 1 
• - stink, 1 
Footoite, 15 
Fuming acids, J90 

(J 

Glaserite, 430, 057, 088 
Glasspat, 3 
Glauberito, 430 
Gold hypochlorite, 27 1 

iodato, 342 

Gun-cot to/i, 829 
Gunpowder, 820, 825 
Gypsum, 430 

K 

Hala/one, 97 
Halide salts, 1 
Halides, 1 
Halite, 15, 430, 522 
Halogens, J 

— binary compoiuids, 113 

Haloid salts, 1 
Hanksite, 65(i 
Hardness, 453 
Heinzite, 430 
HerdcJiito, 2 
Hermito’s fluid, 90 
Hetcrosite, 420 
Hiddenite, 425 
Hioratite, 2 
Hollands, 243 
liorn silver, 15 
Hurka, 711 

Hydriodic acid, preparation, 170 
properties, 182 


Hydriodic acid, uses, 212 
Hydroboraeitc, 430 
Hytirobromic acid, preparation, 107 

- j) roper ties, 182 

uses, 2 1 2 

Hydrochloric acid, impurities in, 165 

preparation, 158 

. — ))roportie.s, 1 82 

. . „ -purification, 105 

uses, 212 

Hydrofluoric acid, 127 
- - - - chemical pro] )erties, 133 

physical properl ies, 129, 130 

preparation, 127 
' uses, 134 

Hyiirogen anti chlorine, union in light, 148 

- ' bromide, hydrates, 1 84 

. — „ - iion-atp soil!., 197 

- - physical propcrtit*s, 173 

— preparation, 107 

— properties, chemical, 200 

solubility, 182 

chloride, coinposition, 208 

hytiratt's, 182 
non aq. sola., 19<> 

— physical propt'rtit's, 173 
preparation, 1 58 
[iropt'riios, chemical, 200 

. solubility, 182 

- chlorobromidi', 234 
fluoride, 127 

— cliemieal properties, 133 

composition, 134 

mol. wt,, 134 

— _ physu'al pT*opcr(it;s, 129 

- preparation, 127 

I iodide, hj^dral.t^s, 185 

I non-at{. sola., 197 

I - physi(*al properties, 173 

I — })re[)aration, 170 

j - propt'i'tit's, chemical, 200 

! pnrilication, 172 

— - - solubility, 182 

--- - perbromirle, 234 

pcrchloride, 234 

])criodide, 234 

Hydronielanthallito, J 5 
Ilydroxylumino ehlorite, 284 
Hypcroxygt'.nized muriatic acid, 286 
lly'pobromitos, 250, 207 
— — preparation, electrical processes, 280 
u.ses, 250 

Hypobrfimous acid, preparation, 243, 245 

— - ])ro per ties, 250 

anhydride, 242 

I Hypochlorit(>s, 250, 207 
j - constitution, 257 
I - - preparation, elt'tJtrical processes, 270 
j uses, 250 

i Hypochlorons acid, preparation, 243, 244 
I - pro]>ertioa, 250 

i — anhydride, 241 
I Hypoiodiquo anhydride, 291 
i Jlypoioditoa, 250, 207 
I — preparation, electrical procossos, 280 
! Hypoiodous acid, j)reparation, 243, 240 
- properties, 250 

anhydride, 242 

llypotnbromites, 252 
liypotii-iodites, 252 
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I 


Indium iodate, 355 

perchlorate, 402 

Induction period, 149 

of photochemical, 149 

lodammonium iodide, f320 

ammine, 020 

lodatos, 200 

~ acid, 324, 335 
- comj)lex, 324 

— detection, 319 
— X^reparaiion, 301 

' I)roperties, 305 

uses, 319 

Iodic acid, 296 

- chromato-, 363 

confititution, 320 

fiuoro-, 303 
— molybdate-, 363 


_ preparation, 296, 301 

properties, 305 

seleriato-, 363 

- - sulphate-, 363 
lellurato-, 363 

tungstate-, 303 

• vanodato-, 303 

Iodides, acid, 220 
complex, 229 

- detection, 209 

jm^paration, 214 

- x>roj)crties, 217 

- — thormochoinistry, 218 
Iodine acetate, 292 

a -monochloride, 116 

- ^-monochloride, 1 10 
atomic weight, 101, 106 

— ' -bromine comxiounds, 122 
chemical reactions, 90 

-chlorine compounds, 114 

- colloidal, 98 
• — dioxide, 291 

- - - j^n^jjaration, 291 

proi>erties, 292 

extraction from caliche, 43 

. — seaweed, 42 

- • -diiorino compounds, 114 

- -- history, 20, 23 

- hydrosol, 98 

- iodate, 285, 292 

— isotopes, 107 
-- mol. w't,, 107 

— monobromide, 122 

~ jj reparation, 1 1 6 

X)roperties, 117 

monoxide, 242 
nitrate, 292 
occiiiTcnce, 16 
oxylluorido, 292 

— pentad uorido, 114 

— pentoxido, 293 

, _ . prejiaraiion, 293 
— _ prox)ertio8, 294 
j)hysical x)roi>eriies, 40 
preparation, 41 

— - purification, 44 

recovery, 44 
solubility, 72 
acid soln., 82 


I Iodine solubility, organic solvents, 84 

salt soln., 82 

water, 71 

solutions, colour, 1 10 

sulphate, 285 

— — Millon’s, 292 

suli:)hit0, 292 

tetroxide, 291 

j trichloride, I 1 9 

j - irioxide, 281, 285 

1 — ' uses, 96 

i — valency, 108 

: iodohromito, 16, 17 
j lodoembolito, 1 6 
i lodoniiun, 108 

j hydroxide, 108 

] l^henyl derivatives, 108 

Todosobenzene, 108 
! lodous acid, 285 
lodyrite, 1 7 
Ions, nature, 226 
; Irvingito, 425 


K 

Kainifco, 430, 657 

Kali corbonieum c tartaro, 714 

magnesia, 660 

Kalinitc, 657 
, Kalk flusssiiurer, 3 
; Kara, 7 1 1 
Karstenite, 430 
Kelp ash, 437 
I Kieserito, 430 
1 KodoJite, 2 
Koenenite, 431 
I Kremei'site, 15 
I Krugite, 430, 657 
: Kunzite, 425 


1 L 

i 

* Langbcinite, 430 
j Lanthanum brornaie, 354 
iodate, 355 
-- perchlorate, 402 

j periodate, 415 

, Laurionite, 1 5 
. Lautarito, 347 
' Lawrcncite, 15 
Lead bromate, 366 
i — ' chlorate, 366 

■ chlorite, 283 

1 iodate, 366 

I X)erohlorato, 402 

I X^eriodate, 415, 416 

i Least effort, principle of, 146 
i Leonite, 430, 657 
1 T^pidolito, 2, 425 
( Lithiophylite, 426 
! Lithium, a-, 458 

I ammonium hydrorthox3hosx»hate, 876 

— sulphate, 705 

-- trim©tax>hosphate, 877 
t. wt., 470 
-, 458 

romato, 330 
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Lithium bromide, 577 
— ^ ammmes, 586 

properties, chemical, 586 

physical, 679 

cfipsium alloys, 481 

cfikrbamate, 796 »> 

carbonate, preparatioi^ 725 

... properties, chemical, 767 

physical, 747 

clilorate, 326 

aminino, 329 

chloride ammino-, 654 

sulphate crystallization, 689 

hydrat^, 542 

prepamtion, 528 

^ proj>ertioft, chemical, 652 

^ physical, 629 

chlorite, 284 

chloroiodide, 611 

dihydrorthophosphate, 858 

dioxide, 487 

diphosphate, 862 

disulphide, 632 

Auorido, 512 

history, 421 

hydrides, 481 

hydrocarbonate, 773 

hydrorthophosphate, secondary, 851 

hydrosulphatcB, 678, 679 

• hydrated, 687 

- hydrosulphide, 641 

hydroxide, 495 

properties, 500 

hydroxyiodide, 600 

hypochlorites, 269 

legate, 332 

hydrated, 334 

iodatophosphate, 861 

iodide, 690 

hydrated, 602 

properties, chemical, 605 

- physical, 698 

metaphosphate, 867 

monosulphide, 621 

properties, chemical, 627 

physical, 624 

— — monoxide, 486 
— — nitrate, 802 
hydrates, 816 

• properties, chemical, 820 

physical, 808 

nitratosulphate, 816 

orthophosphate, normal, 847 

properties, chemical, 849 

jihysical, 848 

perchlorate, 396 

periodate, 406, 408, 409 

ammonium, 409 

-potassium alloys, 480 

carbonates 748, 768 

sulphate, 687 

• preparation, 446, 449 

properties, chemical, 408 

physical, 451 

pyrophosphate, 862 

-rubidhun alloys, 481 

— sulphate, 688 

salts, extraction, 442, 443, 444 

-sodium alloys, 480 

sulphate, 687 


Litiilum subchloride, 630 

sulphate, hydrates, 667 

preparation, 660 

properties, chemical, 672 

physical, 660 

— — Bulphoniodide, 607 

totrametaphosphate, 867 

Lithophosphoms, 3 
Liver of sulphur, 621 

soda, 

volatile, 645 

LOivite, 430 

! M 

! 

Magnesium and potassium chlorides, crys- 
tallizatiou, 432 

and sulphates, crystal- 
lization, 434 

sulphates, crystallization, 

432 

bromate, 360 

chlorate, 349 

hypobromite, 274 

hypochlorite, 273 

hypoiodite, 274 

iodato, 360 

perchlorate, 400 

periodate, 414 

Manganato periodic acid, 416 
Manganese bromate, 359 

- ■ - clilorate, 369 

-• — ammino-, 359 

dioxide. Action hydrochloric acid, 27 

iodaie, 359 

Mangani-iodic acid, 359 
Manganic periodate, 416 
Manganous perchlorate, 403 
Marshite, 17 
Matlockite, 15 
Melanothallite, 15 
Melinophanc, 2 
Mondipito, 15 
Mendozite, 656 
Mercuric bromate, 352 

clilorate, 351 

chlorite, 284 

Mercurius aniinalis, 780 
Mercury hypochlorite, 274 

hypoiodite, 274 

iodate, 352 

perchlorate, 400 

periodate, 415 

Mercurous bromate, 362 

i^hlorite, 284 

iodato, 362 

- — {>eriodate, 416 
Mesoiodic acid, 322 
Mesoporiodio acid, 386 
Metachromatism, 221 
Metaiodic acid, 322, 324 
Metaperiodio acid, 386 
Metal of salt, 421 

Mild alkali, 406 

alkalies, 421 

Millon's iodine sulphate, 292 
Mimetite, 15 
Mineral alkali, 420 
Mirabilite, 666 



INDEX 


889 


Molybdato-iodic acid, 303 
— — ' -periodates, 406, 417 
Molysito, 15 
Muriatic acid, 20, 21 


N 

Nantokite, 15 
Natar, 419 

Natroamblygonite, 426 
Natron, 710 
Na trophy lito, 42(5 
Neodymium bromato, 354 

perchlorate, 402 

Neter, 419 
Nickel hromate, 360 

ammino-, 3(>1 
chlorate, 360 

- -- - ammino-, 3(50 

• - io<late, 362 

- ammino-, 3(53 

a-dihydratcd, 3(52 

^-diliydrated, 362 

- - perchlorate, 403 

— ammino-, 404 

- pcriodutf\4l(5 

Niiratin, 802 
Nitre, 419 
— — baBin, 803 

- beds, 808 

- -cake, 657 
cubic, 808 
-- meal, 807 

plantations, 808 

prismatic, 808 

rhonibohedral, 808 

Nitric ferment, 807 
Nitrocellulos<‘, 829 
Nitroglauberit€.\ 691, 803, 816 
Nitroglyeeroi, 829 
Nitron, 419 
Nit rose -iodic acid, 291 
Nitrosyl perchlorate, 401 
N itrotoluene, 829 
Nitrous ferment, 807 
Nitrum, 419 

— tlaminans, 829 

- vitriolatum, 650 

Noccriiio, 2 


O 

Off a Hedinonti, 800 
Oleum vini, 21 
Optical extinction, 155 
Orthoiodic acid, 322 
Orthopt'i'iodic acid, 386 
Ostwald’s lavr of successive reactions, 
371 

Oxiodic acid, 293 
Oxolitli, 253 

Oxy-acids of chlorine, substitution of 
bromine, 385 

— iodine, 385 

Oxychlorine acids, therinochomistiy, 379 
Oxygenated potassium chlorate, 37 1 
Oxy iodine, 293 


; P 

I J’achnolitc, ] 

Panocma du})licata, (556 
I i^an acid, 730 

— gas, 730 

' Paralaurionito, 15 
: Paraperiodic acid, 386 
i I*ariition coeff., 75 
law, 75 

Berthelot an^l <) iingflcisch, 75 
Pearlash, 438 
, Pcnfi<4dite, 15 
Perbromates, 384 
Pcrbromic acid, 384 
!\*rbr(>mides, 233 
perchlorates, 370, 395 
detection, 381 
(letennination, 381 

preparation, 371 

- electrolytic proceascs, 3 
^ properties, 381 
Perchloric arid, 370 

— — composition, 382 

constitution, 382 
liyd ratios, 378 
]m‘paration, 371 

- - - -- pro}H*rties, chemical, 379 

... physical, 376 

“ - anhydride, 380 

. Perchloridt‘s, 233 
I'ercylite, 15 

Period of acceleration, 150 

I — induction, 33 1 

_ .. j)lu)tochemieal, 149 

Periodates, 386, 40(5 
, Molybdato-, 417 
nomenclature, 38(5 

— preparation, 387 

"Pungstato-, 4 1 7 

I’eriodic acid, detection, 303 

determination, 393 

meso-, 386 

mota-, 386 

, . — nojxienclaturc, 38 (> 

ortho-, 386 

para-, 386 

aeifls, 386 

basicity of, 391 

preparation, 387 

— j)roperticH, 389 

Period ides, 233 
Perlatum, 851 

i Pctalite, 425 
; Phosgenite, 15 
; Phosphato- iodic aci<l, 3(53 
Phosphoric spar, 3 
Phosplioritc, I 

Photochemical equivalence, 153 
\ - — Einstein's law, 153 

: extinction, 155 

I induction, J49 

: Photoelectric action, 152 

: effect, 1 52 

! Photolysis, 154 
I Picromerite, 430, 657 
j Pinnoite, 430 
j Plate sulphate, 688 
} Pneumatogen, 480 
j Pollucite, 426 
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Pollux, 426 . 

Polyhalite, 480, 667 
Polyiodides, 233 
Pot^h^ 420, 438 

sit bods, 427 , 

Potassium ^monium dooametapliOBph&to, 
878 

— orthophosphates, 876 

— pontametaphosphate, 877 

pyrophosphate, 876 

and magnesium chlorides, crystalhza- '* 

tion, 432 

— — sulphates, crystal- 

lization, 434 

sulphates, crystallization, . 

432 

” — sodium sulphates and chlorides, I 

cryst€dlization, 689 • 

-astracanite, 430 j 

at. wt., 470 1 

broinate, 330 • 

- bromide, 577 I 

impurities of, 678 • 

— properties, chemical, 68(5 ! 

*- • physical, 679 1 

brom<nodide, 610 1 

caesium alloys, 481 

carbamate, 796 • 

carbonate and sodium nitrate reaction, ' 

804 

hydrated, 766 

preparation, 7 13 

properties, chemical, 767 

physical, 747 

carbonjd, 460 

chlorate, 326 

(jhloratey, 297 

chloride and sodium sulphate crystal 

lizatioTi, 689 

extriwtion from camallito, 626 

- mol. wt., 666 

— occiurenco, 622 

preparation, 628 

properties, 629 

chtiinical, 652 

physical, 629 

. — purification, 627 

- < chlorite, 283 

chloroiodide, CIO, 611 

chlorosulphato, 691 

dihydrorthophosphate, 858 

diliydropyropliosphale, 866 

— — di-iodate, 336 

dioxide, 487 

diphosphate, 862 

disulphide, 630, 632 

fiiioride, 612 

— fluorometaphosphato, 8G7 

fluorophosphato, 850 

„ — fJuorosulphato, 691 

hexasulphide, 630, 640 

history, 421 

— — hydride, 481 

hydro bromide, 687 

hydrocar honaie, 763, 774, 778 

hydronitrate, 821 

hydrorthophoHphato, secondary, 861 

hydrosulphate, hydrated, 682 

hydi’osulphates, 677, 678, 679, 682 

hydrosulphide, 641 


-Potassium hydroxide, 496 

- ' — properties, 600 

purification, 499 

uses, 609 

— - hj«^pobromito, 269 

hypoiodite, 269 

1 jodate, 332 

— hydrated, 336 

iofiatophosphato, 861 

— — iodatosulphate, 691 

iodide, 696 

. impurities, 698 

properties, chemical, 606 

- - — physical, 598 

iodosirlphato, 691 

-lithium alloys, 480 

carbonate, 748, 7()8 

— stilphato, 687 

- -- manganato- periodate, 416 

- motaphosphate, 867 

- • monosulphide, (>22 
hydrated, 624 

properties, chemical, 627 

. _ — : - physical, 024 

monoxide, 485 

nitrate, 802 

— nitrates, properties, chetnical, 820 

— .. physical, 808 

occurrence, 423 

- orthophosphate, normal, 847 

properties, chemical, 849 
- — - - physical, 848 

pontasulphido, 630, 636 

- perclilorato, 396 
periodates, 407, 409, 410 
preparation, 446, 447 

-- properties, chemical, 468 

physical, 461 

pyrophosphate, 862 

— - rubidium alloys, 481 
salts, extraction, 437 

- blast furnace dust, 440 

-- brines, 437 

cement kiln dust, 440 

insoluble silicates, 439 

kelp ash, 437 

. sea water, 437 

suint, 438 

vinasso of sugar beet, 438 

_ . - wood ashes, 437 

, wool fat, 438 

sesquicarbonate, 778 

eodido, 480 

-sodium alloys, 480 

carbonate, 769 

— chlorosiilphate, 691 

diinetaphosphate, 877 

hydrorthophosphate, 857 

pyrophosphate, 867 

— sosquiphosphatt), 860 
sulj)hatts 688 

- BXibchloride, 630 
suboxido, 485 

— • sulphate and sodium chloride, crystal- 

lization, 680 

„ occurrence, 667 

— ))reparation, 669 

properties, chemical, 672 

physical, 660 

aulphoniodido, 007 
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Potassium tetrametaphosphato, 807 

— - totrasiilphido, 630, 634 

tetroxide, 485, 491 

- tribromulo, 587 

- tri-iodato, 336 
. tri- iodide, 609 
‘ - trioxido, 485, 491 

- trisiilpbido, 030, 633 
uraiiyl iodato, 358 

— - uses, 470 
L’raseodymiuiti bromato, 354 

perohlorate, 402 

Pressure, effect on equilibria, 146 
Principle of least effort, 146 
Prism powder, 826 
Prosopito, 1 

Psoudobolite, 15 
Psoudotriplite, 426 

Purification of erases by fractional solidifica- 
tion, 172 
Pyroi'inorald, 3 
Pyroiodic acid, 324 
.Pyromorphite, 15 
J^yrosmalito, 15 


li 

Rafaelite, 15 
Kalstonite, I 

Reaction, bimolociilar-, 141 
Landolt’s, 311 
unimolocular, 49 
K(‘actions, couploil, 240 
d(^ad space in, 312 

law of successive, 37 1 

liorht, primary, 153 

- secondary, 1 53 
lihodizito, 426 
Kichardito, 430 
Jlinneite, 1 5 

Roaster acid, 730 
Robin’s law, 146 
Rock salt, 430, 522 
— „ winning, 525 

Rubellite, 426 
Rubenglimmcr, 426 
Rubidium, at, wt., 470 
— bromide, 677 

. . „ properties, choiaical, 586 
— physical, 577 
brornoiodido, 010 

- - - -Ciesium alloys, 481 

- carbonate, 725 

properties, chemical, 767 
_ — physic€d, 747 

- chlorate, 326 

- chloride, moL wt., 555 

- - propai*ation, 528 

* properties, chemical, 552 

- physical, 529 
chlorobromides, 588 

- chloroiodide, 610, 611 
di-iodate, 337 

dioxide, 487 

dihydrorthojdiosphate, 8^8 

diphos])hato, 862 

disulphide, 631, 632 

“ - - duoride, 612 

- fluoro phosphate, 861 


j Rubidium hexasiilphide, 631, 040. 

I history, 422 

I — - - hydrocarbonate, 7 74 
— - - hydronitrate, 82 1 

! hydrorthophosphato, 851 

— — Jiydrosulphide, 642 

— hydroxide, 496 
propeii;ios, 500 

! iodate, 333 

iodide, 596 

; . properties, chemical, 605 

— . physical, 598 

-lithium alloys, 481 ^ 

— sulphate, 688 

— ~ metaphosphate, 867 
monosulphide, 622 

- hydrated, 624 

; , _ properties, chemical, 027 

physical, 624 

monoxide, 486 

-- - nitrate, 802 

— pnipcrties, chemical, 820 

physical, 808 

. orthophosphate, normal, 847 

- properties, chemical, 849 

physical, 848 

- -- pentasulphide, 631, 638 

- perchlorate, 395 

— periodates, 407 
potassium alloys, 481 

~ preparation, 448 

— properties, chemical, 468 

; — physical, 451 

- - pyrophosphate, 862 
salts, extraction, 442, 444 

i - Hubchlorido, 530 

' sulphate, preparation, 660 

: — properties, chemical, 672 

j — , — physical, 660 

! sulphoniodido, 607 

j tetrasulphide, 631, 634 

: tetroxide, 485, 491 

1 tribrornide, 587 

I tri-iodate, 338 

I tri-iodide, 609 

I trisulpliido, 631, 634 


I S 

I 

I Sajji-mati, 710 
I Sal ammoniac, 15 
— — armeniacus, 20 

j do duobus, 656 

excoctus, 522 

fossilis, 522 

pellucens, 522 

gemma, 622 

— lacustus, 522 

ratvrinus, 522 

microcosmicum, 874 

mirabile Glauberi, t)56 

muriaticum, 522 

petne, 420 

— polychrcstum Glaseri, 656 
prunella, 666 

— tartari, 656, 714 

urinoi tixuin, 874 

volatile, 780 

— cornu cervi, 781 
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Salicor, 713 
Si^is i\atura» 20 
B0Xt, 521 

^ cako, 657, 730, 731 

cerebros-, 520 

cleorepitating, 533 

fish*, 526 

gardens, 525 

Gla\#©r*s, 666 

lock, 622 

meadows, 626 

- Metal of, 421 

of Sylvius, 420 

tartar, 656, 714 

pickling, 807 

ponds, 626 

prunella, 656 

springs, 622 

' - Sylvius* digestive, 522 

table-, 520 

Salt})etre, 420 
~ ' Bengal, 808 

Salts, complex, 223, 224 

compoimd, 223 

double, 223, 224 

mixed, 264 

Samarium bromate, 354 
iodate, 365 

periodate, 415 

Scfiechite, 1 6 *’ 

Scandium bromate, 353 

chlorate, 353 

iodate, 353 

perchlorate, 402 

Schdnite, 430, 657 
Schwortzembergite, 17 
Sea salt, 522 

water, 437 

Sebkainite, 429 
Sel de varec, 713 
— — febrifuge, 522 

gemxne, 522 

Selenato-di-iodic acid, 363 

monoiodic acid, 363 

Sellaite, J 

Sols mixtes, 525, 657, 658 
Sicklerite, 426 
Sidero natrite, 666 
Silver bromate, 340 

y ammino-, 341 

chlorate, 340 

ammino-, 340 

chlorite, 283 

ammino, 284 

hypobromito, 271 

hypochlorite, 271 

hypoiodite, 271 

— iodaio, 341 

perchlorate, 399 

ammino-, 399 

periodates, 410, 411, 412 

Sniokeless powders, 829 
Soda, 421, 

alicante, 713 

cart€tgena, 713 

malaga^,713 

Sodalite. 15 
Sodium a-, 468 

ammonium dimetaphosphate, 877 

— hydrorthophoBphate, 874 


Sodium ammonium orthophosphates, 875 

pentamotaphospbato, 877 

pyrophosphate, 876 

sesquiphoBphate, 876 

— — sulphate, 706 

and potassium chlorosulphate, 691 

aulphates and chlorides, 

crystallization, 689 

anhydro-iodate, 337 

at. wt., 470 

458 

romate, 330 

bromide, 677 

properties, ehomical, 686 

— — _ — physical, 579 

carbamate, 796 

carbonate, a-heptahydrato, 753 

j9-heptahydrate, 753 

ammonia piocess, 737 

— hydmtes, 761 

in plant ashes, 713 

— .... .. T^iblanc’s process, 728 

origin natural, 712 

preparation, 713 

I properties, chemical, 767 

— „ physical, 747 

; purification, 724 

-- Solvay^s process, 737 

' — carbonato -phosphate, 851 

! chlorate, 325 

! chloride ammino-, 554 

i „ — and potassium sulphate, crystal- 

lization, t>89 

• — hydrated, 542, 553 

( mol. wt., 556 

' — occurrence, 522 

j preparation, 628 

properties, chemical, 552 

! , physical, 529 

I purification, 527 

— - — separation from brine, 525 

j „ sea- water, 526 

clilorite, 283 

* • chloroiodidc, 611 

“ — dihydropyrophosphatc, 866 

! dihydrorthophosphate, 858 

j di-iodate, 337 

1 dimetaphosphate, 867 

j — — dioxide, 487 

• — diphosphate, 862 

j disulphide, 630, 632 

; fluoride, 612 

. fluorophosphate, 850 

fluorosulphate, 691 

I hexametaphosphate, 870 

I — — hexasulphide, 630, 640 

• history, 421 

I hydrides, 481 

hydrocarbonatc, 763, 773 

hydrorthophosphato, 860 

secondary, 861 

hydrosulphates, 677, 678, 079, 680 

hydrated, 686 

i hydrosulphide, 641 

! hydroxide, 496 

properties, 6(K) 

; purification, 499 

I — ugeg^ 5yj> 

hypobroinite, 269 

; hypochlorite, 269 



INDEX 


893 


Sodium lodato, 332 
- — hydrated, 334 

— - iodatophogphate, 851 

iodide, 500 

hydrated, 002 

properties, chomiea), 005 

physical, 698 

-lithium alloys, 480 

sulphate, 630 

nianganato -periodate, 410 

nietaphosphate, 867 

— — ~ nionosulphide, 621 j 

hydrated, 623 

properties, chomicaJ, 627 j 

physical, 624 | 

monoxide, 485 j 

nitrate, 802 j 

and potassium carbonate re- I 

action, 804 I 

- extraction, 804 | 

propeities, chemical, 820 

physical, 808 

- nitratosnlphate, 691, 816 1 

— occurrence, 423 

— orthophosjihate normal, 847 

— — propeHies, chemical, 

840 

' - - physical, 848 

pentaiodide, 610 j 

pentasulphide, 630, 637 ! 

-- - perchlorate, 305 ! 

- periodates, 406, 407, 409, 410 

- -- pcroxy nil rate, 816 j 

polyphosphate, 866 ’ 

- -potassium alloys, 480 ■ 

carbonate, 769 1 

hydrorthophosphato, 857 j 

pyrophosphate, 866 

— sesquiphosphaie, 850 ' 

- - . . suli>hate, 687 j 

- - preparation, 445, 447 | 

- electrolytic process, 447 j 

Costner’s, 447 I 

- propeHies, chemical, 468 ; 

— physical, 451 

*“ * - pyrophosphate, 862 ! 

— sesquicarbonate, 777 

— sosquiphosphate, 850 

suhchloride, 630 j 

suboxide, 485 j 

sulphate, 656 1 

- a-, 061 

jS-, 661 j 

- and potassium chloride crystolli- t 

zation, 089 | 

— hydrates, 667 . 

. „ _ . — occurrence, 666 } 

- - preparation, 667 i 

. - properties, chemical, 672 | 

- __ . physical, 600 | 

- - sulpl ion iodide, 607 

tetramotaphosphates, 867 

- - tetrasulphide, 630, 634 

- - trihydropyrophosphate, 866 

— , — tri-iodato, 337 

trimetaphosphate, 869 

- - - trioxide, 485, 491 

- trisulphide, 630, 633 

— uses, 470 

Solid solutions, 224 ^ 


Solutions, congruent, 740 

incongruent, 740 

Sombrerite, 1 
Sool, 427 
Sosa>bruta, 711 
Soude bourde, 713 

d’Argues-mortes, 713 

— ■ — de Narbonne, 713 

douce, 713 

•• — * m61ang4e, 713 
Souring, 243 

Soushypoiodique oxyde, 286 
Spat fusible, 3 
Spatum vitroum, 3 
Spocificum purgans Paracelsi, 066 
Spectra, halogens, 57 
Spirit of hartshorn, 781 

salt, rectitiod, 2 1 

Spiritus animalis, 780 

fumans Berguin’s, 645 

. Boyle’s, 645 

-- - salis, 20 

lotii, 780 

urinje, 780 

— urinffi, 780 

vitriol i coc^ulabilis, 656 

volatilis salis armoniaci, 780 

Spodurnene, 425 
Sporting powder, 826 
Stability constant, 227 
Stannic chlorate, 356 
Stannous chlorate, 356 
Staffclite, 2 
Starch, iodide, 99 

iodized, 08 

Stassfurt potash beds, 428 

salts, origin, 434 

— uses, 435 

Stassfurtite, 430 
Steinsalz, 430 
Stinkstone, 431 
Strontium bromate, 340 

hydrated, 346 

carbamate, 796 

chlorate, 344 

hydrated, 345 

chlorite, 284 

. hypobromite, 273 

hypoclilorite, 272 

iodate, 347 

hydrated, 348 

perchlorate, 399 

periodates, 412, 413 

Striivenitc, 656 
Subbromides, 238 
Subchlorides, 238 
Subiodides, 238 
Suint, 426, 438 
Sulphatoiodic €kcid, 363 
Sulphalito, 553 
Sulphoborite, 430 
Sulphohalite, 656 
Sulphur, reflecting power-, 222 
Superio^dos, 233 
Sylvine, 15, 430, 622 
Sylvinite, 431 
Sylvite, 430, 522 
Syngenite, 431, 657 
Szekso, 710 
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T 

Taohliydrite^ 15, 430 

Tallingite, 15 

Tamarugite, 656 

Tartarus vitriolatus, 650 

Tellurato-iodic acid, 363 

Temperature, effect on equilibria, 145 

Topaloate, 711 

Toqueziiite, 711 

TorlinguRito, 11 

Thallic iodate, 355 

perchlorate, 402 

periodate, 415 

Thallous bromate, 356 

chlorate, 355 

iodate, 355 

pei'chlorate, 402 

periodate, 416 

Thenardito, 430, 601 

Thermochomiatry oxychlorine acids, 370 
Thermonatrite, 761 
Thomsenolite, 1 
Thorivim bromate, 357 

chlorate, 367 

iodate, 364, 357 

perchlorate, 402 

periodate, 416 

Thulium bromate, 354 
Tithonometer, 148 
Topaz, 2 
Tourmaline, 2 
Tri-iodates, 324 
Triphane, 426 
Triphyliio, 426 
Trona, 425, 710 
Tungstato-periodatos, 417 
Tungstenato iodic acid, 363 

periodates, 406 

Turner’s yoUow, 710 
Tychite, 656 
Tysonite, 1 


U 

Uronous periodate, 41G 
Uranyl iodate, 368 

perchlorate, 403 

periodate, 4 1 6 


! Uranyl potassium iodate, 368 
^ iTrao, 424, 710 
ITraeite. 666 

V 

! Vanadato iodic aoid, 363 
I Vajiadinite, 16 
; Vanthoffite, 430 
; Vegetable alkali, 420 
I Viiiasso, 438 
i Volatile alkalies, 420 


W 

Weldon mud, 28 
W’hito acid, 135 
Wool fat, 426, 438 


1 ^ 

I 

I Ytterbium iodate, 356 
•Yttrium bromate, 354 
• - - chlorate, 354 

iodate, 354 

perchlorate, 402 

— periodate, 416 
Yttrooerite, 2 


Z 


Zinc bromate, 360 

. ammino-, 360 

- — chlorate, 349 

— ammino-, 349 

hypochlorite, 274 

iodate, 350 

— ammino-, 350 

perchlorate, 400 

periodates, 4 14 

Zinnwaldite, 426 
Zirconium iodato, 364, 357 
Zirconyl bromate, 357 

clalorate, 357 

iodate, 367 

perchlorate, 402 

Zootinsalz, 802 
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